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ABSTRACT
A prev ious  s tudy ,  l ook in g  mt the c r e e p - n ip t u r e  behaviour  o f  mixed r e i n ­
forcement GRP when immersed in water,  had d i scovered  that  at low loads ,  
behaviour  became temperature s e n s i t i v e .  S ince  the recarded time to f a i l u r e  
o f  a sample was reduced a t  e l e v a t e d  temperatures ,  from that  pr e d ic te d  by a 
l i n e a r  e x t r a p o l a t i o n  o f  the short  term creep-rupture  r e s u l t s ,  t h i s  d e v ia t io n  
caused problems in the accurate  p r e d i c t i o n  o f  long-term des ig n  s t r e s s e s .  In 
order  to improve the accuracy  o f  long  term des ig n  p r e d i c t i o n s ,  i t  was decided  
to s tu dy  the mechanisms o f  creep in  GRP that  i n i t i a t e s  time dependent f a i l u r e .  
From t h i s ,  i t  was hoped that  a c cura te  des ign c r i t e r i a  s u i t a b l e  for  p r e d i c t i n g  
GRP response over  a 30 year des ign  l i f e  from shor t  term creep t e s t s ,  could  
be deve loped .  This  t h e s i s  repor ts  the r e s u l t s  ob ta ined  from such a s tudy .
A s e r i e s  o f  creep t e s t s  were performed on mixed re in forcem ent  GRP 
samples  a t  se ver a l  s t r e s s  l e v e l s ,  both in  a i r ,  and in  room temperature d i s t i l l e d  
water ,  us ing  a microcomputer based data c o l l e c t i o n  system. In conjunct ion  with  
t h i s  work, damage development in samples ,due to combinations  o f  water uptake  
and creep load in g ,  was f o l l o w e d ,  u s in g  both scanning  e l e c t r o n ,  and o p t i c a l ,  
microscopy .  Moisture uptake measurements were undertaken under a s e r i e s  
o f  load /temperature  regimes,  and f ib r e / m a t r i x  debonding fo l low e d  us ing  photo­
graphic t ec h n iq u es .  In t h i s  way, water a b sor p t ion ,  both in  terms o f  uptake  
r a t e ,  and l o c a t i o n  w i th in  a sample,  could be c h a r a c t e r i s e d .  T e n s i l e  t e s t s  
were a l s o  performed to determine the standard mechanical  p r o p e r t i e s  o f  the  
mixed re inforcement GRP used.
I t  was found that  a c r i t i c a l  damage s t a t e  was c rea ted  at  loads  in e x c e s s  
o f  'ÿO% o f  u l t i m a t e ,  but not below.  This  took the form o f  between 2 and 8 
neighbouring f i lament  breaks in  the l o n g i t u d i n a l  woven r ov in gs  a t  weave c r o s s ­
over  p o i n t s ,  producing microcracks in the re in forcem ent .  The c r e a t io n  o f  t h i s  
m u lt i - f i l a m e n t  f rac ture  damage during primary rreep,was  cons id ered  to be 
ne cessary  for time dependent f a i l u r e  to occur  in a i r .  Secondary ereep ntra-in 
was found to in c r e a s e  in d i s c r e t e  s+eps ,  both in a i r  and water .  This  was 
a t t r i b u t e d  to the formation o f  transv<^rse erar-ks -in the ' ong" tud-’ nal woven
( i i )
ro v in g s ,  p ro p o g a t in g  from th e  above c r i t i c a l  damage.
In w a te r ,  d i f f u s i o n  was found to  be n o n -F ic k ia n .  M ois tu re  up tak e  in c re a s e d  
w ith  in c r e a s e s  in  a p p l ie d  load  and te m p e ra tu r e .  Water was seen  to  accum ula te  
a t  weave c r o s s - o v e r  p o i n t s  when immersed u n d e r  lo a d .  T h is  l e d  to  s t r e s s - 
enhanced f ib r e  c o r r o s io n  in  th e s e  r e g io n s ,  weakening the  re in fo rc e m e n t ,  and 
red u c in g  th e  f a i l u r e  tim e from t h a t  e x p ec ted  a t  th e  same load  le v e l  in  a i r .
The l o c a l i s e d  n a tu re  o f  m o is tu re  d e g ra d a t io n  was though t to  r e s u l t  i n  th e  
fo rm a t io n o f  c r i t i c a l  f i b r e  damage a t  lo a d s  below 50^  o f  u l t i m a t e ,  when immersed 
i n  w a te r .
Two d e s ig n  c r i t e r i a  based  on th e  o b se rv ed  c re e p  m echanism s,have been 
developed  f o r  GRP t h a t  p r e d i c t  r e sp o n se  when lo a d ed  i n  e i t h e r  a i r , o r  w a te r .
Both p r e d i c t  th e  e x i s t e n c e  o f  c r e e p - r u p tu r e  l i m i t s  a t  low lo a d s .
( i i i  ) 
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C H A P T E R  1
INTRODUCTION
G lass  f i b r e  r e in f o r c e d  p l a s t i c s  have been in  e x i s t e n c e  f o r  s e v e r a l  
d ecad es ,  t h e i r  e a r l i e s t  commercial a p p l i c a t i o n  b e in g  th e  m anufac tu re  o f  
a i r c r a f t  radomes i n  th e  l a s t  war ( l ) .  From t h i s  h ig h ly  s p e c i a l i s e d  app­
l i c a t i o n ,  many o th e r  a p p l i c a t i o n s  f o r  t h i s  m a t e r i a l  have been deve loped .  
The f i r s t  G .R .P. b o a ts  were produced i n  1946 from f in e  woven g l a s s  
f a b r i c s  in  a  p o l y e s t e r  m a t r ix .  With th e  i n t r o d u c t i o n  o f  chopped s t r a n d  
mat i n  194?, many p r e v io u s ly  p r o h i b i t i v e l y  e x p en s iv e  a p p l i c a t i o n s  became 
v ia b le -  By 1949, t r a n s l u c e n t  GRP p a n e l s  were in t ro d u c e d  to  th e  b u i l d in g  
in d u s t r y ,  and by th e  mid 1950s, some c a r  body p a n e l s  and l o r r y  cabs  were 
b e in g  made from r e in f o r c e d  p l a s t i c s .  Mild s t e e l  was r e p la c e d  i n  th e s e  
c a s e s  because  o f  th e  s u p e r i o r  c o r r o s io n  r e s i s t a n c e  o f  GRP.
A v ery  im p o r ta n t  i n d u s t r i a l  a p p l i c a t i o n  f o r  GRP i s  i n  th e  t r a n s ­
p o r t  and s to r a g e  o f  c o r r o s iv e  l i q u i d s .  R e in fo rc ed  p l a s t i c  p ip in g  has  been 
used  by th e  chem ical i n d u s t r y  f o r  s e v e r a l  y e a r s ,  a s  a  rep lacem en t f o r  th e  
expensive  g ra d e s  o f  s t a i n l e s s  s t e e l  p r e v io u s l y  u se d .  The e l e c t r i c i t y  
g e n e ra t io n  in d u s t r y  i s  a l s o  now lo o k in g  a t  th e  a d v a n ta g e s  o f  u s in g  GRP 
in  c o o l in g  w a te r  sy s tem s .  The CEGB has  s e v e r a l  c o a s t a l  power s t a t i o n s  
where sea  w a te r  i s  used  a s  th e  c o o la n t .  O p e ra t in g  te m p e ra tu re s  f o r  th e s e  
c i r c u i t s  a r e  o f  th e  o r d e r  o f  40°C, c a u s in g  h ig h ly  c o r r o s iv e  c o n d i t io n s  
w i th in  s t e e l  p ip in g ,  v a lv e s ,  w a te r  boxes e t c . ,  even when to p  grade 
s t a i n l e s s  s t e e l s  a r e  s e l e c t e d  f o r  th e  jo b .  As a r e s u l t ,  p l a n t  s h u t ­
downs a r e  f a i r l y  f r e q u e n t ,  pu sh in g  up p r o d u c t io n  c o s t s .  By r e p l a c in g  
s t e e l  w ith  GRP, c o s t  r e d u c t io n s  due to  th e  low er  m ain tenance  r e q u i r e d ,  
would be a c h ie v e d .  C o n s id e rab le  e f f o r t  has  r e c e n t l y  been expended on 
d eve lop ing  p r a c t i c a l  rep lacem en t system s ( 2 ) .
The m ajor problem to  overcome in  th e  above c a s e ,  i s  th e  a b i l i t y  to 
a c c u r a t e l y  p r e d i c t  how GRP components w i l l  behave th ro u g h o u t th e  r e q u i r e d  
d e s ig n  l i f e .  For m e ta l l i c  sy s tem s , y e a r s  o f  e x p e r ie n c e  have developed  the  
u n d e rs ta n d in g  o f  t h e i r  long  term p r o p e r t i e s ,  s im p l i f y in g  d e s ig n  c r i t e r i a .  
S im i l a r  l e v e l s  o f  u n d e rs ta n d in g  have now to  be developed  in  th e  f i e l d  o f  
r e in f o r c e d  p l a s t i c s ,  b e fo re  t h e i r  f u l l  p o t e n t i a l  can  be r e a l i s e d .
When GRP i s  used  in  a r e a s  where i t  can come in t o  c o n ta c t  w ith  an 
a g g r e s s iv e  environm ent ( e . g .  h o t ,  s a l t  w a te r )  , knowledge i s  r e q u i r e d  as  
to  how th e  m echan ica l p r o p e r t i e s  o f  a component w i l l  be a f f e c t e d ,  p a r t ­
i c u l a r l y  when un d er  a c o n s ta n t  s t r e s s .  In  a p p l i c a t i o n s  where a  c o n s ta n t  
load  w i l l  be a p p l i e d  to  th e  GRP, th e  tim e dependent n a tu r e  o f  i t s  p r o p e r t i e s  
w i l l  a l s o  have to  be ta k e n  i n t o  a c c o u n t .  I f  t h i s  i s  n o t  done, problem s 
may be en co u n te red  due to  c re e p ,  whereby sam ples f a i l  a t  s u b - c r i t i c a l  lo a d s  
a f t e r  a  g iv en  l e n g th  o f  t im e .  Thus, a  s t r e s s  l e v e l  w e l l  below th e  com­
ponents*  s t r e n g t h  may be s a f e l y  a p p l i e d  d u r in g  s h o r t  te rm  t e s t s ,  b u t  
f a i l u r e  may s t i l l  o c c u r  d u r in g  th e  r e q u i r e d  d e s ig n  l i f e .
As a  consequence o f  th e  tim e dependen t p r o p e r t i e s  o f  GRP, long  term 
d e s ig n  p r e d i c t i o n s  a s  to  f a i l u r e  t im es  a t  a  g iv en  lo a d  l e v e l ,  have to  
be made. S e v e ra l  te c h n iq u e s  a r e  c u r r e n t l y  employed, ta k e n  m ain ly  from 
th e  f i e l d  o f  m e t a l l i c  c re e p  t e s t i n g .  However, s in c e  l i t t l e  i s  known 
abou t th e  mechanisms o f  GRP c re e p ,  and how th e s e  a r e  a f f e c t e d  by th e  
p re se n c e  o f  an a g g r e s s iv e  env ironm en t,  a l l  th e  models u sed  a r e  a t  b e s t  
s e m i- e m p ir ic a l ,  o r  a t  w ors t  p u re  guesswork. As a  r e s u l t ,  e i t h e r  s e r io u s  
e r r o r s  o c c u r  i n  d e s ig n  p r e d i c t i o n s ,  o r  more commonly, l a r g e  s a f e t y  f a c t o r s  
have to  be u sed .  T h is  l e a d s  to  d ram a tic  o v e r  d e s ig n  o f  components, and 
subsequen t r e d u c t io n  in  c o s t  b e n e f i t  when changing  from m e t a l l i c  to  
r e in f o r c e d  p l a s t i c  m a t e r i a l s .
In o rd e r  to  improve the c u r r e n t  s i t u a t i o n ,  a t t e n t i o n  must be fo cu s ­
sed on th e  damage development w ith in  GRP bod ies  when under s t a t i c  lo a d s ,  
and how an aqueous environment a c c e n tu a te s  the  observed  d e g r a d a t io n .  On l y  
then  can s a t i s f a c t o r y  des ign  models f o r  GRP components be produced . This 
t h e s i s  d e s c r ib e s  a programme o f  work e s ta b l i s h e d  to  a c h iev e  th e s e  s t a t e d  
a im s.
1 .1  Background to current work
In  th e  p a s t  few y e a r s ,  s in c e  1979, a c o n s id e ra b le  amount o f  re s e a rc h  
a t  Bath U n iv e r s i ty  School o f  K ^ter i^ ls  Sc ience  h'S beer undertaken onthe 
t e n s i l e  c r e e p - ru p tu re  o f  p o l y e s t e r / g l a s s  la m in a te s  i n  an aqueous en v iro n ­
ment. This  has been funded, in  th e  main, by the  South  West Regional 
H eadquarters  o f  th e  CEGB, based a t  Bedm inster Down, B r i s t o l ,  th e  support  
being  p rov ided  in  two ways:-
( i )  A 3  y e a r  t e s t  programme, undertaken  by South West I n d u s t r i a l  
Research L td . (SWIRL) a t  the  u n i v e r s i t y .  T h is  was designed  
to  p rov ide  da ta  on CEGB s p e c i f i e d  la m in a te s  exp>osed to  a 
v a r i e t y  o f  lo a d s ,  environm ents , te m p e ra tu re s ,  and m a tr ix  
fo rm u la tio n s  (3, 4 ) .
( i i )  An SERC Case award studentsh ip  look in g  a t  the t e n s i le
c re e p - ru p tu re  behav iour o f  c hopped s t r a n d  m a t /p o ly e s te r  
la m in a te s  in  a v a r i e t y  o f  environm ents  (5 ) .
O th e r  work lo ok ing  a t  the  s t r e s s - r u p t u r e  b ehav iou r  o f  woven ro v in g /  
p o ly e s t e r  lam in a tes  in  w ater  has a l s o  been r e c e n t ly  undertaken  (6 ) .
R esu lts  o b ta in ed  from the  SWIRL c o n t ra c t  ( f i g u r e  l . l ) ,  showed a 
down tu rn  in  time to  f a i l u r e  a t  low loads  and e le v a te d  te m p e ra tu re s .
This  made the s t a t e d  aim, o f  e x t r a p o la t in g  da ta  from a s h o r t  terra t e s t  
programme to p r e d ic t  th e  maximum a p p l ie d  load f o r  a 30 y e a r  des ign  l i f e .
im p r a c t i c a b le .  In  o r d e r  to  d i s c o v e r  th e  o r i g i n  o f  t h i s  change in  behav­
io u r ,  th e  c u r r e n t  s tu d e n t s h i p  was s e t  up to  examine th e  mechanisms 
o f  c ree p  in  such la m in a te s  t h a t  i n i t i a t e d  r u p tu r e .  From t h i s ,  e n v i ro n ­
m ental damage mechanisms cou ld  be i d e n t i f i e d ,  and th e  c r e e p - r u p t u r e  
b eh av io u r  e x p la in e d  and m odelled . F i n a l l y ,  a d e s ig n  p r e d i c t i o n  t e s t  
r o u t i n e ,  based  on a knowledge o f  th e  c reep  mechanisms o p e r a t in g ,  was to  be 
developed .
1 .2  Summary o f  c u r r e n t  programme
To a c h ie v e  th e  re q u ire m e n ts  p la c e d  on t h i s  r e s e a r c h  programme 
i n i t i a l l y ,  a  whole s e r i e s  o f  t e s t s  have been u n d e r ta k e n .  F i r s t l y ,  GRP 
la m in a te  s h e e t s  were p roduced ,  and th e  m echan ica l p r o p e r t i e s  de te rm in ed  
( e . g .  s t r e n g t h ,  s t r a i n  to  f a i l u r e ) .  Having done t h i s ,  th e  e f f e c t  o f  
immersion i n  w a te r  on th e  s h o r t  term  p r o p e r t i e s  were i n v e s t i g a t e d  by such  
methods a s  r e s i d u a l  s t r e n g t h  t e s t s  ( s o a k in g  p r i o r  to  a  t e n s i l e  t e s t ) ,  
m o is tu re  u p ta k e  m easurem ents, p o l i s h e d  s e c t i o n  m icroscopy  (d e te rm in e  
m o is tu re  induced  damage l e v e l s ) ,  and d e t a i l e d  t r a n s m i t t e d  l i g h t  p h o to ­
graphy ( to  s tu d y  debonding e t c ) .
In  c o n ju n c t io n  w ith  t h i s  work, c re e p  s t r a i n  was m easured i n  sam ples 
loaded  to  a v a r i e t y  o f  l e v e l s ,  i n  a i r  and d i s t i l l e d  w a te r ,  to  de te rm ine  
th e  mechanisms o f  c re e p ,  and th e  in f lu e n c e  o f  th e  env ironm en t.  D e ta i le d  
f ra c to g ra p h y  and s t u d i e s  o f  f i b r e s  exposed a f t e r  r e s i n  b u r n - o f f s  were a l s o  
undertaken , to  look f o r  damage mechanisms t h a t  would t i e  i n  w ith  th e  observed  
c reep  re sp o n se .
When a l l  t h e s e  t e s t s  had been u n d e r ta k en  an  o v e r a l l  p i c t u r e  o f  
the  en v ironm en ta l c ree p  re sp o n se  o f  th e  GRP la m in a te s  used  was o b ta in e d .
From t h i s  a means o f  p r e d i c t i n g  lo n g  term d e s ig n  d a ta  f o r  samples, loaded  
in  a i r  and room te m p e ra tu re  water, has been d eve loped .
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2 .1  The s t r u c t u r e  o f  g l a s s
G lasse s  a r e  a c l a s s  o f  in o rg a n ic  m a t e r i a l s  whose p h y s ic a l  s t a t e  i s  
in t e r m e d ia te  between t h a t  o f  a s o l i d  and a  l i q u i d  ( 7 ) .  U nlike  t r u e  s o l i d s ,  
g l a s s e s  a r e  n o n - c r y s t a l l i n e  ( v i t r e o u s ) .  However, th e y  d i f f e r  from s u p e r ­
coo led  l i q u i d s  i n  e x h i b i t i n g  s h o r t  range  a tom ic  o r d e r  p ro d u c in g  a * random 
n e tw ork ' s t r u c t u r e .  T h is  i s  a n o n -e q u i l ib r iu m  s t a t e ,  and a f t e r  lo n g  p e r io d s  
o f  t im e ,  g l a s s e s  w i l l  c r y s t a l l i s e  ( d e v i t r i f y ) .
G la s se s  a r e  p roduced  from a  m e lt  c o m p ris in g  ' g l a s s  f o rm e r 'o x id e s  
(SiOg, and ' g l a s s  m o d i f i e r s '  G lass  fo rm ers  e n t e r
in to  a  f o u r - f o l d  t e t r a h e d r a l  c o - o r d in a t io n  w i th  oxygen, p ro d u c in g  s t r o n g  
bonds due to  th e  h ig h  io n i c  p o t e n t i a l .  G la s s ,  o r  netw ork, modi f i e r s  have a  
r e l a t i v e l y  low io n i c  p o t e n t i a l ,  and th e  most common e lem en ts  u sed  i n  
g l a s s e s  a r e  sodium, p o ta ss iu m , and ca lc iian  ( 8 ) .  A t h i r d  c l a s s  o f  o x id e s ,  
th e  ' i n t e r m e d i a t e s ' ,  a r e  a l s o  used  i n  g l a s s  fo rm a t io n .  These o x id e s ,  u s u a l l y  
alum ina and b e r y l l i a ,  a r e  n o t  c a p a b le  o f  netw ork  fo rm a t io n ,  b u t  th e y  can j o i n  
an  e x i s t i n g  netw ork and a l t e r  i t s  p r o p e r t i e s .  The d i s c u s s io n  o f  g l a s s e s  
w i l l  be r e s t r i c t e d  to  th e  s i l i c a t e s ,  s in c e  th e s e  a r e  th e  most common g l a s s e s  
used to  produce c o n t in u o u s  f i b r e s .
The b a s ic  s t r u c t u r a l  u n i t  o f  th e s e  g l a s s e s  i s  a  sm a ll  s i l i c o n  c a t io n  
c o v a le n t ly  bonded to  4 l a r g e  oxygen o n io n s  i n  a  t e t r a h e d r a l  c o n f ig u r a t io n .
In th e  g la s s y  s t a t e ,  th e s e  t e t r a h e d r a  form an i r r e g u l a r  t h r e e  dimens lonal 
a r r a y  by s h a r in g  c o m e r  oxygen atoms ( f i g u r e  2 . 1 ( a ) ) .  G lass  m o d i f ie r s  
a r e  h e ld  i n t e r s t i t i a l l y  i n  th e  network by i o n i c  type  bonds. A d d i t io n a l  
oxygen atoms a r e  in t ro d u c e d  in t o  th e  ne tw ork , b re a k in g  bonds, and low ering  
th e  network s t r e n g t h  ( f i g u r e  2 . 1 ( b ) ) .  I n c o r p o r a t io n  o f  g l a s s  m o d i f ie r s  in t o
th e  network a l lo w  th e  m echan ica l p r o p e r t i e s  o f  a f i b r e  to  be t a i l o r e d  to  i t s  
end use re q u ire m e n ts .  F u r th e r  p r o p e r ty  changes can be in t ro d u c e d  by th e  
a d d i t i o n  o f  in t e r m e d ia te  o x id e s  to  th e  ne tw ork , r e p l a c in g  s i l i c a  g roups 
( f i g u r e  2 . 1 ( c ) ) .
Some o f  th e  most common g l a s s e s  used  in  f i b r e  p ro d u c t io n  a r e  shown i n  
t a b l e  2 . 1 ,  ta k e n  from H ull ( 9 ) .  E -g la s s  i s  th e  most commonly used  f o r  
f i b r e s  i n  r e s i n  m a tr ix  co m p o s i te s .  I t  i s  a  low a l k a l i  g l a s s  p o s s e s s in g  good 
s t r e n g t h ,  s t i f f n e s s ,  d r a w a b i l i t y ,  e l e c t r i c a l  and w e a th e r in g  p r o p e r t i e s  (2 .6 ) .  
C -g la s s  has  s u p e r i o r  chem ica l r e s i s t a n c e  o v e r  E - g l a s s ,  b u t  i t  h as  low er mech­
a n i c a l  p r o p e r t i e s  and i s  more e x p e n s iv e .  S - g l a s s  i s  a g a in  more e x p e n s iv e ,  
b u t  does have g r e a t e r  s t i f f n e s s  and te m p e ra tu re  r e s i s t a n c e  th a n  E - g l a s s .
These p r o p e r ty  v a r i a t i o n s  stem  d i r e c t l y  from c o m p o s i t io n a l  changes w i th in  th e  
b road  spectrum  o f  s i l i c a t e  g l a s s e s .
2 .2  M anufacture  o f  g l a s s  f i b r e s
I t  i s  o f  some re le v a n c e  to  th e  c u r r e n t  work a s  to  how re in fo rc e m e n t  
f i b r e s  a r e  p roduced . As a consequence, a b r i e f  su rv e y  o f  th e  m a jo r  p ro d ­
u c t i o n  ro u te  f o r  c o n t in u o u s  E -g la s s  f i l a m e n t s  w i l l  be p r e s e n te d  i n  t h i s  
s e c t i o n .
Doyle (10) o u t l i n e s  s e v e r a l  p ro d u c t io n  r o u t e s  f o r  g l a s s  f i b r e  man­
u f a c t u r e ,  b u t  o n ly  th e  commonest method w i l l  be d i s c u s s e d .  F i r s t l y ,  h ig h  
q u a l i t y  E - g l a s s  m e lts  a r e  p roduced , e i t h e r  by m e l t in g  g l a s s  m arb le ,  o r  
d i r e c t l y  from raw m a t e r i a l s  i n  an  i n t e g r a t e d  p l a n t .  Maximum te m p e ra tu re s  
to  a c h ie v e  m e l t in g  a r e  o f  th e  o r d e r  o f  l600°C . The p ro c e s s  i s  shown 
s c h e m a t ic a l ly  i n  f i g u r e  2 .2 .
From th e  m e l te r ,  th e  g l a s s  p a s s e s  i n t o  a  f o r e h e a r t h  h e a te d  to  1350°C. 
The fu rn ace  end o f  th e  f o r e h e a r th  c o n d i t io n s  th e  g l a s s  to  a working temp­
e r a t u r e  around 1250°C, w h i l s t  th e  end s e c t i o n  a c t s  a s  a ch an n e l f o r  g l a s s  
flow in t o  th e  b u s h in g s .  These c o n ta in  a m u l t i p l i c i t y  o f  p la t in u m  rimmed
n o z z le s ,  th rough  which the  m olten  g la s s  f a l l s  u n d e r  g r a v i t y ,  fo rm ing  a d rop . 
T h is  s o l i d i f i e s  then  f a l l s  away, l e a v in g  a f i l a m e n t  a t t a c h e d  to  each  bush 
v ia  a m olten  g l a s s  m en iscus .
These f i b r e s  p a s s  th ro u g h  a  w a te r  s p ra y  to  co o l  and l u b r i c a t e  them ( 1 1 ) , a 
th e n  s i z e  t r e a t e d  to  p ro v id e  a s u r f a c e  c o a t in g  c o m p r i s in g ,o f  a  lu b ­
r i c a n t ,  c o u p l in g  a g e n t  and b a r r i e r  l a y e r  to  red u ce  a b r a s io n  damage d u r in g  
subsequen t p r o c e s s in g .  Drawn f i l a m e n t s  a r e  c o l l e c t e d  a s  ro v in g s  on a 
r o t a t i n g  drum,whose sp eed  i s  s e l e c t e d  to  o p t im is e  th e  f i b r e  d raw ing  r a t e .
The r e s u l t e m t  drum o f  co n t in u o u s  f i b r e ,  c a l l e d  a  ' c a k e ' ,  i s  th e n  h e a t  t r e a t ­
ed to  cu re  th e  s i z e  c o a t  and v o l a t i l i s e  th e  l u b r i c a n t  a p p l i e d ,  b e fo r e  b e in g  
p ro c e s se d  i n t o  s h e e t s  o f  g l a s s  r e in fo rc e m e n t .
I t  w i l l  be seen  l a t e r  t h a t  th e  o r i g i n a l  f i b r e  p ro d u c t io n  r o u t e  can 
produce v a r i a b i l i t y  i n  f i b r e  s t r e n g t h ,  a s  w e l l  a s  a l t e r i n g  th e  r e s i s t a n c e  
o f  a  la m in a te  to  en v iro n m en ta l  d e g ra d a t io n  due to  in a d e q u a te  c o u p l in g  ag e n t  
c o a t in g ,  w a te r  s p ra y  in d u ced  s u r f a c e  c r a c k in g  e t c .
2 .3  G lass f ib r e  rein forcem ent c a te g o r ie s
Drums o f  f i n e  (iQum) co n t in u o u s  g l a s s  f i l a m e n t  ro v in g s  a r e  o f  l i t t l e  
use f o r  th e  p ro d u c t io n  o f  g l a s s  r e in f o r c e d  c o m p o s i te s .  They have to  be 
p ro c e s s e d  i n t o  forms t h a t  c a n  he e a s i l y  h a n d le d .  Over th e  y e a r s ,  t e c h n iq u e s  
borrowed from th e  t e x t i l e  and p a p e r  i n d u s t r i e s  have been a d a p te d  to  s o lv e  
t h i s  problem . Many d i f f e r e n t  ty p e s  o f  re in fo rc e m e n t  a r e  now produced ,  
b u t  th e y  can be grouped under t h r e e  main h e a d in g s ,  a s  d e f in e d  by P ig g o t t  
(12).
( i )  Chopped s t r a n d  mats 
( i i )  Woven ro v in g  
( i i i )  Tapes.
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2 .3 .1  Chopped s t r a n d  mat (CSM)
The p ro d u c t io n  ro u te  f o r  th e se  m a t e r i a l s  has  been a d a p te d  from 
te c h n iq u e s  used in  th e  p ap e r  i n d u s t r y .  C ontinuous ro v in g s  a r e  chopped i n t o  
s h o r t  l e n g th s  ( 3- 50mm), and a l low ed  to  s e t t l e  on a  c o n t in u o u s ly  moving b e l t  
to  form a mat, h e ld  t o g e th e r  by a  bonding em u ls io n .  T h is  i s  a  h ig h ly  
i n e f f i c i e n t  r e in fo rc e m e n t  due to  th e  random f i b r e  o r i e n t a t i o n ,  which 
s u p p re s se s  th e  maximum volume f r a c t i o n  o f  g l a s s  p o s s i b l e  i n  a  l a m in a te ,  to  
a round  40%. They a r e ,  however, f a i r l y  i s o t r o p i c ,  and e a sy  to  f a b r i c a t e  by hand 
l a y  up , and have become w ide ly  used  where h ig h  s t r e n g t h  i s  n o t  a  req u ire m en t 
( e . g .  sm a l l  b o a t  h u l l s ) .
2 . 3 .2  Woven ro v in g  ( w . r )
C ontinuous g l a s s  ro v in g s  can be woven to  p roduce  g l a s s  f a b r i c s , u s i n g  
o r d in a r y  t e x t i l e  looms. Rovings can be tw is te d  i n t o  y a m  p r i o r  to  weaving, 
b u t  i t  i s  more u s u a l  to  s im ply  weave th e  ro v in g s  i n  t h e i r  ' a s  s u p p l i e d '  s t a t e .  
G lass  c l o t h  i s  u s u a l l y  p roduced  so a s  th e  f i b r e s  a r e  i n  a  0 /9 0 °  con­
f i g u r a t i o n .  In  g e n e r a l ,  f a b r i c s  have a  h ig h e r  deg ree  o f  a n i s o t r o p y  th a n  
csm, g iv in g  h ig h e r  s t r e n g t h  in  th e  ro v in g  d i r e c t i o n s .  Weave induced  crim p 
(w a v in e ss ) ,p ro d u c e s  h ig h  e lo n g a t io n s  u n d e r  lo a d  due to  f i b r e  s t r a i g h t e n i n g ,  
so th e s e  la m in a te s  a r e  o f  f a i r l y  low modulus. F a b r i c s  a r e  e a s y  to  h a n d le ,  
b u t  when moulding complex shapes  th e y  a r e  found n o t  to  'd r a p e ' o v e r  th e  
mould v e ry  s u c c e s s f u l l y .  Changing th e  f a b r i c  c o n f i g u r a t i o n  can  improve 
t h i s  p ro p e r ty ,  b u t  o f t e n  a t  th e  expense o f  m echan ica l p r o p e r t i e s .  S t r u c t u r e /  
p r o p e r ty  r e l a t i o n s h i p s  i n  woven f a b r i c s  w i l l  be d i s c u s s e d  l a t e r  i n  t h i s  
rev iew  (2 . 5 ) .
2 . 3 .3  Tapes
U n id i r e c t io n a l  ro v in g  ta p e s  a r e  a l s o  produced f o r  use  i n  h igh  s t r e n g t h  
ae ro sp ace  a p p l i c a t i o n s .  Rovings a r e  l a i d  on a b a c k in g  p a p e r  and bonded 
w ith  a p a r t i a l l y  cu red  r e s i n , t o  produce a ’p r e - p r e g ' .  These can th e n  be
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l a i d  up in  th e  re q u i re d  s t a c k in g  sequence and h o t  p r e s s e d , t o  cu re  th e  r e s i n .  
These m a t e r i a l s  a r e  h ig h ly  a n i s o t r o p i c ,  b u t  h igh  volume f r a c t i o n s  o f  g la s s  can 
be ac h ie v e d  (70%), and h igh  s t r e n g t h  and s t i f f n e s s  can be produced  i n  th e  
f i b r e  d i r e c t i o n s .
In  t h i s  work, o n ly  csm and woven ro v in g  r e in fo r c e m e n t s  were u sed ,  so 
a l l  f u tu r e  r e f e r e n c e s  to  th e  r e in fo rc e m e n t  s t r u c t u r e  w i l l  c o n c e n t r a te  on th e s e  
two, i n  p a r t i c u l a r  woven f a b r i c s .
2 . 4  S t r e n g t h  o f  g l a s s  f i b r e s
At room te m p e ra tu re ,  g l a s s  behaves a s  an i d e a l  Hookean s o l i d  when in  
t h e  p u re  s t a t e  ( i . e .  s i l i c a  g l a s s ) .  However, t h e  a d d i t i o n  o f  netw ork 
m o d i f ie r s  can  a l t e r  th e  d e t a i l e d  m echan ica l re sp o n se ,  and E - g l a s s  f i b r e s  can 
e x h i b i t  room te m p era tu re  c re e p  and d e lay ed  f a i l u r e  o v e r  v e ry  lo n g  t im e s ,  
a s  d e s c r ib e d  by E m s b e rg e r  ( 1 3 ) .  As was p r e v io u s l y  m en tioned , th e  s t r e n g t h  
and modulus o f  an  unflaw ed f i b r e  depends l a r g e l y  on th e  t h r e e  d im en s io n a l  
o x id e  ne tw ork . As a  r e s u l t ,  th e  f i l a m e n t  p r o p e r t i e s  a r e  found to  be i s o t r o p i c .
F or commercial E -g la s s  f i b r e s ,  t h e  t e n s i l e  s t r e n g t h  m easured i s  a 
f u n c t io n  o f  th e  p ro c e s s in g  c o n d i t io n s  and t e s t  env ironm ent ( 2 . 6 ) .  To a  v e ry  
good f i r s t  o r d e r  ap p ro x im a tio n ,  s t r e n g t h  can be re g a rd e d  a s  a  measure o f  th e  
s u r f a c e  w eakness. The c l a s s i c  s tu d y  on th e  b r i t t l e  f r a c t u r e  o f  g l a s s  was 
u n d e r ta k en  by G r i f f i t h ,  and a  good summary o f  t h i s  work i s  p r e s e n te d  by 
lawn and W illshaw ( l 4 ) .  By t e s t i n g  f r e s h l y  drawn f i b r e s ,  i t  was found 
t h a t  th e  observed  s t r e n g t h  approached  th e  t h e o r e t i c a l  maximum ( lOGPa) .  On 
le a v in g  f i b r e s  in  th e  a i r  f o r  s e v e r a l  h ou rs  p r i o r  to  t e s t i n g ,  s t r e n g t h  f a l l s  
from 3.5GPa to  IGPa, a l e v e l  no rm ally  found when t e s t i n g  f i b r e s .  I t  was 
a l s o  found t h a t  by red u c in g  th e  f i b r e  d ia m e te r ,  s t r e n g t h  i n c r e a s e d . , S t r e n g th  
was c o n t r o l l e d  by th e  s i z e  o f  th e  l a r g e s t  s u r f a c e  flgw  p r e s e n t ,  which c r e a t e s  
a s t r e s s  c o n c e n t r a t i o n  from which f r a c t u r e  i n i t i a t e s .  These f law s grow th rough  
a tm o sp h eric  m o is tu re  d e g ra d a t io n .  Reducing f i b r e  d ia m e te r  d e c re a se s  th e
T o"
p r o b a b i l i t y  o f  f in d in g  a s e v e re  f law , th u s  i n c r e a s in g  th e  s t r e n g t h .  Oka e t  a l  
( 15 ) show t h a t  m o is tu re  induced  flaw  growth can  o n ly  be p re v e n te d  by 
s t o r i n g  f i b r e s  un d er  vacuum.
A nother so u rce  o f  damage in  com m ercia lly  p roduced  E -g la s s  f i b r e s  
i s  m echan ica l a b r a s io n ,  u n av o id ab le  d u r in g  p ro c e s s in g ,  p a r t i c u l a r l y  where 
g l a s s / g l a s s  c o n ta c t  o c c u r s  ( e . g .  w eav ing).  T h is  s u r f a c e  s c r a t c h i n g  makes 
i t  im p o ss ib le  to  en su re  t h a t  th e  f i l a m e n t  s t r e n g t h  v a r i a t i o n  i s  minimal 
w i th in  a  r o v in g .  A f u r t h e r  problem  in  a s s e s s i n g  s u r f a c e  damage i s  th e  
random s p re a d ,  and sm a l l  s i z e  ( i n  th e  r e g io n  o f  O.^um), o f  c r i t i c a l  f la w s ,  
making t h e i r  d e t e c t i o n  i n  even th e  most advanced e l e c t r o n  m icroscopes  
im p o ss ib le .  T h is  w i l l  be f u r t h e r  d is c u s s e d  i n  P a r t  I I I .
To m inim ise m echan ica l damage, a s i z e  c o a t  i s  a p p l i e d  to  th e  f i b r e  
on draw ing (2 .2 ) ,  t o  p r o t e c t  and l u b r i c a t e  i t .  To g e t  some id e a  o f  th e  
s t r e n g t h  v a r i a b i l i t y  w i th in  r o v in g s ,  f ig u r e  2 . 3 ,  ta k e n  from P r o c to r  ( I 6 ) ,  
shows some t y p i c a l  e x p e r im e n ta l  d a t a .  A com prehensive rev iew  o f  th e  so u rc e s  
o f  weakness i n  g l a s s  f i b r e s  has  been com piled by Gurney (1 7 ) .
2 .3  Woven g l a s s  f a b r i c s
While d e s c r ib i n g  th e  p r o p e r t i e s  o f  g l a s s  f i b r e s ,  some a t t e n t i o n  sh o u ld  
be p a id  to  th e  e f f e c t  o f  u s in g  w o v e n ,r a th e r  th a n  s t r a i g h t  (c o n t in u o u s  o r  
chopped), f i l a m e n t  r o v in g s .  Zweben e t  a l  ( 18 ) s t a t e  t h a t  f a b r i c s  have 
s i m i l a r  p r o p e r t i e s  to  o r th o g o n a l  p l i e d  la m in a te s ,  though  maximum g l a s s  c o n te n t  
i n  com posites  i s  low er ,  r e d u c in g  th e  r e in fo rc e m e n t  e f f i c i e n c y .  F ib re  
crimp (deg ree  o f  bend ing) has  a l s o  been shown to  a f f e c t  p r o p e r t i e s ,  a s  
w i l l  be d e s c r ib e d  l a t e r  i n  t h i s  s e c t i o n .
Many d i f f e r e n t  f a b r i c  c o n s t r u c t io n s  have been d eve loped ,  each 
p o s s e s s in g  s p e c i f i c  p r o p e r t i e s  s u i t e d  to  v a r io u s  a p p l i c a t i o n s .  The most 
commonly used  f a b r i c  i s  known a s  a  p l a i n  weave. S in c e  t h i s  t h e s i s  used 
th e se  f a b r i c s ,  th e  s e c t i o n  w i l l  c o n c e n t r a te  on th e s e ,  m ere ly  m en tion ing  
some o f  th e  o th e r s  a v a i l a b l e .  In  p l a i n  weave f a b r i c s ,  each warp
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( l o n g i t u d i n a l ), p a s s e s  o v e r  one w eft ( t r a n s v e r s e ) ,  ro v in g ,  th e n  under  i t s  
n e ig h b o u r ,  and so on ( f i g u r e  2 . 4 ( a ) ) .  T h is  can be compared to  th e  s i t -  
in  t i  on in  t w i l l  ( f i g u r e  2 . 4 ( b ) ) ,  and s a t i n  ( f i g u r e  2 .  4 (c ) ) ,  weave f a b r i c s .
The re in fo rc e m e n t  used  i n  t h i s  t h e s i s  was a b a lan ced  f a b r i c ,  i . e .  
w eight o f  warp f i l a m e n t s  e q u a ls  th e  w eigh t o f  t r a n s v e r s e  f i b r e s  p r e s e n t  •
P la in  weave re in fo rc e m e n ts  a r e  p ro b a b ly  th e  most i n e f f i c i e n t  form o f  f a b r i c  
a v a i l a b l e .  The h ig h  d eg ree  o f  crimp means t h a t  d e la m in a t io n  due to  f i b r e  
s t r a i g h t e n i n g  i s  maximised, and th e  l a r g e s t  p o s s i b l e  volume f r a c t i o n  i n  a  r e s i n  
m a tr ix ,  i s  red u ced .  F i n a l l y ,  where complex m ouldings a r e  r e q u i r e d ,  th e  po o r  
d rape c h a r a c t e r i s t i c s  o f  p l a i n  weave f a b r i c s  p r e c lu d e s  t h e i r  u s e .  However, 
th e y  a r e  v e ry  s t a b l e  ( r e s i s t a n t  to  d i s t o r t i o n ) ,  and l e s s  s u s c e p t i b l e  to  
f a b r i c  skewing ( f a b r e  m isa lig n m en t)  on l a y  up, th a n  o t h e r  c o n f i g u r a t i o n s .
T h is  can le a d  to  w arping  and changes i n  s t r e s s  s t a t e  w i th in  f a b r i c  r e in f o r c e d  
la m in a te s .  A good rev iew  on th e  e f f e c t s  o f  f a b r i c  c o n s t r u c t io n  on com posite  
p r o p e r t i e s  i s  g iv en  by H ay thom w aite  (1 9 ) .
As a r e s u l t  o f  f i b r e  cr im p, th e  s t r e s s  d i s t r i b u t i o n  a lo n g  a  lo a d  
b e a r in g  woven f i l a m e n t  i s  non un ifo rm  ( c f .  u n i d i r e c t i o n a l  f i b r e s ) .  Local 
r e g io n s  o f  h ig h  s t r e s s  a r e  c r e a t e d  on th e  o u t e r  ro v in g  s u r f a c e s  o f  weave 
c r o s s - o v e r s .  S i m i l a r i l y ,  a t  th e  mid p o in t  between c r o s s - o v e r s ,  and a t  th e  
i n t e r i o r  o f  such f e a t u r e s ,  t e n s i l e  s t r e s s e s  a r e  a t  a minimum. A ttem pts  to  
p ro v id e  a n a l y t i c a l  models o f  th e  s t r e s s  f i e l d s  i n  a  f a b r i c  have been 
p re s e n te d  by Ishikaw a and Chou (2 0 ) .
The non-uniform  n a tu re  o f  f i b r e  s t r e s s e s  i n  woven ro v in g  la m in a te s  
i s  a c r u c i a l  f a c t o r  i n  th e  c r e e p - r u p tu r e  o f  th e  g l a s s / p o l y e s t e r  la m in a te  
system s t e s t e d  i n  t h i s  t h e s i s ,  and f u r t h e r  d i s c u s s io n  o f  t h i s  p r o p e r ty  w i l l  
be p r e s e n te d  in  P a r t  I I I .  At t h i s  s t a g e  i t  i s  S u f f i c i e n t  m ere ly  t o  h ig h ­
l i g h t  the  d i f f e r e n c e s  i n  re in fo rc e m e n t  c h a r a c t e r i s t i c s  t h a t  o c c u r  when woven 
ro v in g s ,  a s  opposed to  h . i - d i r e c t i o n a l  co n t in u o u s  f i l a m e n t s ,  a r e  u sed  i n  
com posites .  Some o f  th e  common te rm in o lo g y  o f  f a b r i c  re in fo rc e m e n t .
y.ni'rr-vf'd '^r^r * he i n d u s t r y ,  h n s  ml s o  hn^-n o u t l i n e d  f o r  f u t u r e  r r f -
e r e n c p .
? . 6 Environmental e f f e c t s  in g l a s s  f i b r e s
When ordinary c l a s s  i s  brought in to  c ontact  with m ois ture ,  Paul (21)  
s t a t e s  that  a l k a l i  ions are e x tr a c t e d  i n t o  the s o l u t i o n  in pre ference  to  
the more t i g h t l y  bound s i l i c a ,  forming an a l k a l i  d e f i c i e n t  s ur face  l a y e r ,  
whose t h ic k n e s s  dependa on the g l a s s  com p os i t ion .  This forms a b a r r i e r  l a y e r  
to further  l e a c h in g ,  reducing the r e a c t i o n  r a t e .  Charles  (22 )  d e s c r i b e s  t h i s  
leaohinp- in terms o f  three  r e a c t io n s
(i  ) Addition o f  a proton to the network
- Si - OP + Ĥ O — Si  -  OH + R+ + OH" - ( 2 . 1 )
( i i )  D isruption o f  s i l o x a n e  bonds by hydroxyl  ions  in s o l u t i o n
= Si -  0 - S i  = +0H" ^  = Si  -OH + = Si -  O' - ( 2 . 2 )
( i i i )  Non-bridging oxygen atoms i n t e r a c t  with water,  r e l e a s i n g  a
hydroxyl  ion
.  Si  -  o '  + Ĥ O ^  Si - OH + oh" - ( 2 . 3 )
Proctor  (2 3 ) s tu d ie d  the long  term behaviour o f  g l a s s  f i b r e s  in a range o f
environments,  i d e n t i f y i n g  two d i s t i n c t  exposure regimes:
( i )  Exposure in an un s tr es s e d  s t a t e  ( a g e i n g ) ,  where degradat ion
i s  monitored in terms o f  s t r e n g t h  l o s s  as  a fu n c t io n  o f  immersion t ime.
( i i )  Exposure a t  a s t r e s s  l e v e l  below the f ib r e  s t r e n g t h  u n t i l
f a i l u r e  occurs ( s t a t i c  f a t i g u e ) .  In t h i s  regime, c or ros ion  may be 
a c c e l e r a t e d ,  or even i n i t i a t e d ,  by the ap p l i ed  s t r e s s ,  f ib r e  d i s s o l u t i o n  be ing  
s t r e s s  dependent.
The Tat t er  regime i s  o f  most r e levance  to the environmental  creep  
o f  GRP, but some c o n s id e r a t io n  must be g iven  to f i b r e  age in g  c h a r a c t e r i s t i c s  
bp fore s t a t i c  9̂ 1 i gue i s  examined ( 2 . 7 )
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P ro c to r  (2 3 ) found th a t  s l i g h t  s t r e n g th  lo s s  occu rred  a f t e r  ageing  
E -g la s s  f i b r e s  i n  w ater  a t  50°C fo r  30 days, though i t  i s  no t c l e a r  w hether 
co a ted  f i b r e s  were used . The slow r a t e  o f  c o r ro s io n  in  E -g la ss  can be 
a t t r i b u t e d  to  th e  low sodium and potassium  c o n te n t  o f  th e se  f i b r e s .
Calcium e x t r a c t i o n  i s  more d i f f i c u l t , d u e  to  i t s  l a rg e  io n ic  r a d iu s .
Lyons (5 )  p r e s e n t s  a comprehensive review o f  the  l i t e r a t u r e  on 
E -g la s s  c o r ro s io n  e f f e c t s ,  some o f  which a r e  summarised be low ;-
( i )  F ib r e s  t e s t e d  in  dry  n i t r o g e n  were 17% s t r o n g e r  than  those  
t e s t e d  in  m o is t  a i r .
( i i )  Moist f i b r e s  when d r ie d  and t e s t e d  showed an in c re a s e  in  
s t r e n g t h ,  showing the  r e v e r s ib l e  n a tu re  o f  hum id ity  induced weakening.
( i i i )  F ib re s  aged in  d i s t i l l e d  water, gave a 35% s t r e n g th  l o s s  a f t e r  
35 w e e k s , th a t  was n o n - r e v e r s ib l e .  This  dem onstra te s  th e  d i f f e r e n c e  b e t ­
ween a humid,and aqueous,env ironm ent.
( iv )  F ib re  s t r e n g t h  in  m oist a i r  was s t r a i n  r a t e  dependent; the  
h ig h e r  th e  r a t e ,  th e  g r e a t e r  was the  observed  s t r e n g t h .  At f a s t  t e s t  r a t e s ,  
f i b r e  weakening due to  c o r ro s io n  a s s i s t e d  c rack  growth was m inimal, whereas 
a t  slow sp eed s ,  c o n s id e ra b le  env ironm enta l flaw  growth cou ld  o ccu r  du ring  
th e  t e s t .
(v) F ib re s  s to re d  i n  w ater  show s u r fa c e  le a c h in g  damage in  th e  form 
o f  p i t s .  Due to  th e  low c o n c e n t ra t io n  o f  a l k a l i  io n s  in  the  E -g la s s  n e t ­
work, th e r e  i s  n o t  a uniform sp read  o f  io n s  th roughout the  network.
In s te a d ,  sodium and potass ium  o ccu rs  in  h igh  lo c a l  c o n c e n t r a t io n  pockets  
w ith in  the  network. Thus, le ach in g  causes  a d i f f e r e n t i a l  s u r f a c e  d is ^  
s o l u t i o n , i n  wnter , p roducing  the  c h a r a c t e r i s t i c  f i b r e  p i t t i n g  o f te n  
observed  (2 4 ) .
2 .7  S t a t i c  f a t ig u e  in  g la s s  f ib r e
G lass i s  s u b je c t  to  s t a t i c  f a t i g u e ,  analogous in  n a tu re  to  m e ta l l i c
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s t r e s s  c o r r o s io n .  Withrow and S i n c l a i r  (25) d e f in e  s t a t i c  f a t i g u e  a s  th e  
growth under load  o f  sub c r i t i c a l  f law s in  an aqueous e n v iro n m e n t , to  the  
p o in t  where u n s ta b le  c ra c k  growth can i n i t i a t e ,  r e s u l t i n g  i n  a tim e 
dependent f a i l u r e .  T h is  mechanism i s  a f u n c t io n  o f  s t r e s s ,  tim e and 
env ironm ent.
Some o f  th e  e a r l i e s t  work i n  t h i s  f i e l d  was u n d e r ta k en  by C h a r le s  
(22 ,2 6 )  who found t h a t  th e  p r e v io u s l y  d e s c r ib e d  c o r r o s io n  r e a c t i o n s  o c c u r  a t  
a  r a t e  de te rm ined  by th e  a p p l i e d  lo a d .  The asy m m etr ica l  s t r e s s  f i e l d s  around  
a s u r f a c e  f law ,  coup led  v d th  s t r e s s  enhanced c o r r o s io n ,  can  d r iv e  a  c rac k  
th rough  th e  g l a s s  netw ork i n  a  p r e f e r r e d  d i r e c t i o n .  In  g e n e r a l ,  s t r e s s e s  
around a c ra c k  a r e  a t  a  maximum a t  th e  t i p ,  and s in c e  d i s s o l u t i o n  r a t e  
depends on th e  s t r e s s  l e v e l ,  p r e f e r e n t i a l  le a c h in g  a c t s  to  ex tend  th e  c rac k  
f r o n t .  T h is  c ra c k  grow th can  c o n t in u e  u n t i l  th e  c r i t i c a l  f law  s i z e  i s  
reached ,  whereupon b r i t t l e  f r a c t u r e  o f  th e  f i b r e  i n i t i a t e s .  Time to  f a i l u r e  
was th e n  c o n s id e re d  to  depend on th e  degree  o f  c ra c k  e x te n s io n  r e q u i r e d  f o r  
f r a c t u r e ,  a s  w e ll  a s  th e  r a t i o  o f  c ra c k  s id e  to  t i p  d i s s o l u t i o n  r a t e s .  The 
form er i s  a fu n c t io n  o f  th e  s t r e s s  c o n c e n t r a t i o n  l e v e l ,  w h ile  th e  l a t t e r  
depends on th e  s t r e s s  d i s t r i b u t i o n  around  th e  f law ,  and th e  com posi t ion ,  
p re s s u re ,  and te m p e ra tu re  o f  th e  su r ro u n d in g  env ironm en t.  P r o c to r  (23) 
shows t h a t  w h ile  t h i s  model i s  in a d e q u a te  i n  d e s c r ib i n g  a l l  th e  s t r e s s  c o r -  
co s io n  b eh a v io u r  o f  g l a s s  f i b r e s ,  th e  g e n e ra l  p r i n c i p l e s  o u t l i n e d  a r e  
fu ndam en ta l ly  c o r r e c t .
M etca lfe  and Schm itz  (27) s tu d ie d  s t r e s s  c o r r o s io n  i n  E -g la s s  f i b r e s .  
The e f f e c t  o f  v a r i a t i o n s  i n  pH, sodium to  h y d r io n  r a t i o ,  s t r a i n  r a t e ,  
te m p e ra tu re ,  a v a i l a b i l i t y  o f  w a te r ,  and g l a s s  com posi t ion ,w as  examined in  
r e l a t i o n  to  th e  observed  b e h a v io u r .  While th e  p ro c e s s  d e s c r ib e d  above was 
s t i l l  f e l t  to  o p e r a t e ,  th e  chem ica l r e a c t i o n s  t h a t  o c c u r  a t  th e  c ra c k  t i p  
were a l t e r e d .  In  t h i s  work, c o r r o s io n  was found to  o ccu r  th rough  an io n  
exchange mechanism o f  th e  form;
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SiONa + H"" -)► SiOH + Na"" -  ( 2 .4 )
r a t h e r  than  by network h y d r o ly s i s  (2 2 ) .  The above r e a c t i o n  was shown to  be 
c o n t r o l l e d  by th e  sodium io n  d i f f u s i o n  r a t e  a t  th e  t i p .  E -g la s s  c o n ta in s  
n e g l i g i b l e  amounts o f  sodium ( t a b l e  2 . 1 ) ,  b u t  c o n c e n t r a t i o n s  a s  low a s  
0 . 013#  were found to  be s u f f i c i e n t  to  i n i t i a t e  s t a t i c  f a t i g u e .  An 
in c u b a t io n  p e r io d  f o r  s t r e s s  c o r r o s io n  damage acc u m u la t io n  was found to  p rece d e  
s t r e n g t h  d e g ra d a t io n ,  w hether  u n d e r  s t r e s s  o r  n o t .  T h is  p e r io d  acco u n ted  
f o r  th e  l a r g e s t  p a r t  o f  th e  tim e to  f a i l u r e  d u r in g  s t a t i c  f a t i g u e .
S t r e s s  c o r r o s io n  flaw s were th o u g h t  to  grow in  a r e a s  o f  undamaged 
s u r f a c e  , r a t h e r  th a n  to  a c t  i n  e x te n d in g  e x i s t i n g  c r a c k s .  T h is  can  o c c u r  
f o r  two r e a s o n s : -
( i )  The v e ry  h ig h  r a t i o  o f  p r i s t i n e  to  damaged s u r f a c e , p r e s e n t  on 
a  f i b r e
( i i )  Ion exchange in  a  f law ,  such  a s  a p i t ,  i s  reduced  by a  b u i l d  
up o f  a l k a l i  io n s  w i th in  th e  c r a c k ,  which can  o n ly  d i f f u s e  
away i n t o  th e  l i q u i d  b u lk  a t  a  f a i r l y  s low  r a t e .
T h is  model o f  th e  chem ica l r e a c t i o n s  o c c u r r i n g , d i f f e r s  from t h a t  p roposed  
by C h a r le s  (2 2 ,2 6 )  and o t h e r s .  However, th e  b road  p r i n c i p l e s  o f  s t r e s s  
c o r r o s io n  c ra c k  e x te n s io n  i n  a c o r r o s iv e  environm ent a r e  unchanged.
Doremus (28) fo llow ed  th e  io n  exchange th e o ry  o u t l i n e d  above, 
p r e s e n t i n g  a m a them a tica l  model com bining k i n e t i c  r a t e  t h e o r i e s  w ith  
c l a s s i c a l  f r a c t u r e  m echanics, to  p r e d i c t  th e  s t a t i c  f a t i g u e  b eh av io u r  o f  
b r i t t l e  m a t e r i a l s .  The im p o r ta n t  f e a t u r e  o f  t h i s  model was th e  id e a  t h a t  a 
f a t i g u e  l i m i t  e x i s t e d , i . e .  a s t r e s s  below which s t a t i c  f a t i g u e  w i l l  no t 
o c c u r .  E x p e r im e n ta l ly ,  v e r i f i c a t i o n  o f  th e  e x i s t e n c e  o f  t h i s  l i m i t  was 
n o t  c o n c lu s iv e .  F urtherm ore , r e s u l t s  from a s tu d y  o f  th e  e f f e c t  t h a t  
s u r f a c e  t r e a tm e n t  has  on the  s t r e s s  c o r r o s io n  b e h a v io u r  cou ld  n o t  a l l  be 
e x p la in e d  in  te rm s o f  th e  a v a i l a b l e  m odels. T h is  h i g h l i g h t s  th e  u n c e r t a i n ­
ty  t h a t  s t i l l  e x i s t s  a s  to  th e  mechanisms in v o lv e d  le a d in g  to  s t a t i c
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f a t i g u e  i n  g l a s s .
D ozier  e t  a l  (29) produced a m od if ied  s t r e s s  enhanced c ra c k  t i p  
d i s s o l u t io r  model based  on th e  work o f  C h a r le s  (22), to  accoun t f o r  the  
o b se rv ed  d e v i a t i o n s  o f  behav iour,  from t h a t  p r e d i c t e d  by th e o ry .  An 
e x p re s s io n  f o r  th e  c rac k  t i p  d isp la c e m e n t  was fo u n d :-
V(c) = (1 -  V ) (K ic)^
2Ëây - ( 2 - 5 )
where V(c) i s  th e  c ra c k  t i p  d is p la c e m e n t ,  Kic th e  c r i t i c a l  s t r e s s  i n t e n s i t y  
f a c t o r ,  E th e  e l a s t i c  modulus, <Jy th e  y ie ld  s t r e n g t h ,  and v i s  P o is so n s  
r a t i o .  The dependence o f  c ra c k  speed  on th e  s t r e s s  l e v e l  i s  shown i n  
f i g u r e  2 . 5 ,  tak en  from Fox (3 0 ) .  Three r e g io n s  o f  b e h a v io u r  a r e  commonly 
found. In  r e g io n  1 , th e  c ra c k  growth i s  l i m i t e d  by th e  r a t e  o f  th e  
environm ent r e a c t i o n  a t  th e  c ra c k  t i p ,  and i n  2 by d i f f u s i o n  o f  th e  c o r r o s i v e
s p e c i e s  to  th e  c ra c k  t i p .  Region 3 i s  environm ent i n s e n s i t i v e ,  c ra c k  speed
in c r e a s in g  r a p i d l y  w ith  s t r e s s  u n t i l  a  c r i t i c a l  f law  s i z e  i s  re a c h e d ,  r e s u l t ­
in g  i n  f a i l u r e .
From th e  model proposad  by D oz ie r  e t  a l  (2 9 ) ,  a f a t i g u e  l i m i t  was 
a g a in  p r e d i c t e d .  E x p e r im e n ta l ly ,  t h r e e  ty p e s  o f  s t r e s s / e n v i ro n m e n t  r e a c t i o n s  
were found, and th e y  a r e  shown s c h e m a t ic a l ly  i n  f i g u r e  2 . 6 ( 31 ) .
( i ) Flaw s h a rp e n in g  by s t r e s s  c o r r o s io n
( i i )  S imple round ing  o f  th e  c ra c k  t i p  by c o r r o s io n
( i i i )  S u r fa c e  advance o f  th e  c ra c k  te n d in g  to  d e c re a se  c u r v a tu r e  a t  th e
c ra c k  t i p .
The f i r s t  mechanism in c r e a s e s  th e  r a t e  o f  c ra c k  g row th , w h ile  th e  o t h e r  two 
r e t a r d  i t .  The b a lan ce  between th e s e  r e a c t i o n s  depends on th e  s t r e s s  l e v e l .  
Above th e  f a t i g u e  l i m i t ,  s t r e s s  c o n c e n t r a t i o n s  a t  th e  c ra c k  t i p  a r e  
s u f f i c i e n t  to  e n su re  t h a t  d i s s o l u t i o n  i s  c o n c e n t r a te d  in  t h i s  r e g io n ,  
vdiere th e  atom ic l a t t i c e  i s  most s e v e r e ly  s t r e t c h e d .  Hence, c ra c k  
sh a rp e n in g  o c c u rs ,  i n c r e a s in g  K, which th e n  prom otes f u r t h e r  s t r e s s  
c o r r o s io n  c rac k  e x te n s io n .
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At s t r e s s e s  below th e  f a t i g u e  l i m i t ,  d i s s o l u t i o n  o f  th e  f law  f a c e s  i s  
no lo n g e r  i n s i g n i f i c a n t ,  so t h a t  c o r r o s io n  i s  n o t  r e s t r i c t e d  to  th e  c rack  
t i p .  Fu rtherm ore ,  from f ig u r e  2 .5 ,  s t r e s s  c o r r o s io n  i s  l i m i t e d  by th e  
r e a c t i o n , a n d  c o r r o s iv e  s p e c ie s  d i f f u s i o n , r a t e s  a t  low s t r e s s e s .  As 
d i s s o l u t i o n  p r o g r e s s e s ,  a l k a l i  c o n c e n t r a t i o n s  b u i l d  up on th e  f law ,  a c t i n g  
a s  a b a r r i e r  to  c o r r o s iv e  s p e c ie s  m ig ra t in g  to  th e  c ra c k  t i p .  Hence, K i s  
reduced by g e n e r a l  d i s s o l u t i o n  rounding  o f f  th e  c ra c k  f r o n t ,  p r e v e n t in g  
f u r t h e r  c rac k  e x t e n s io n .  T h is  p o in t  a b o u t changes i n  c o r r o s io n  b e h a v io u r  a s  
a  fu n c t io n  o f  s t r e s s  c o n c e n t r a t i o n  w i l l  be f u r t h e r  d i s c u s s e d  i n  P a r t  I I I .
To co n c lu d e ,  b o th  Fox (30) and W iederhom  (31) have p roduced  d e t a i l ­
ed rev iew s o f  th e  c u r r e n t  models o f  e n v iro n m en ta l  s t r e s s  c o r r o s io n  c r a c k in g  
in  g l a s s e s .  I t  was confirm ed  (31) t h a t  s t a t i c  f a t i g u e  i s  caused  by  th e  
p re sen ce  o f  w a te r ,  s in c e  f i b r e s  t h a t  had been d r i e d  and lo a d ed  u n d e r  vacuum 
were found n o t  to  show any tim e dependen t s t r e n g t h  l o s s .  From f l e x u r a l  
t e s t s ,  th e  s t a t i c  f a t i g u e  l i m i t  f o r  g l a s s e s  o c c u r re d  a t  a  s t r e s s  l e v e l  around  
209  ̂ o f  th e  s t r e n g t h ,  though w hether such  a l i m i t  was found f o r  E - g l a s s  i s  
u n c l e a r .
For th e  p u rp o ses  o f  t h i s  t h e s i s ,  d e t a i l s  o f  th e  chem ica l r e a c t i o n s  
le a d in g  to  e i t h e r  c ra c k  t i p  o r  g e n e ra l  d i s s o l u t i o n  a r e  o f  seco n d ary  
im portance .  The most im p o r ta n t  p o i n t ,  a g re e d  upon w i th in  a l l  th e  t h e o r i e s ,  
i s  how an a p p l i e d  s t r e s s  cau se s  c ra c k  e x te n s io n  i n  a  c o r r o s iv e  env ironm en t,  
by en co u rag in g  flaw  sh a rp e n in g  th ro u g h  l o c a l i s e d  c ra c k  t i p  d i s s o l u t i o n .  
F u rtherm ore , th e  changes i n  f law  d i s s o l u t i o n  t h a t  o c c u r  a t  low and h ig h  
s t r e s s e s  a r e  v e ry  im p o r ta n t  when exam ining th e  en v iro n m en ta l  damage found 
d u r in g  immersed c ree p  t e s t s .
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C H A P T E R  3 
POLYESTER RESINS
P o ly e s te r  r e s i n s  were th e  f i r s t  po lym ers to  be c o n s id e re d  f o r  u se  a s  
th e  m a tr ix  f o r  g l a s s  r e in f o r c e d  p l a s t i c s  d u r in g  th e  Second World War. 
C hem ica l ly ,  th e y  can  be d e f in e d  a s  a p ro d u c t  formed from th e  r e a c t i o n  o f  a  
p o ly b a s ic  a c id  w ith  a  p o ly K y d r ie a lc o h o l  ( g l y c o l ) ,  p ro d u c in g  a  s e r i e s  o f  
e s t e r  l in k a g e s  (3 -  )- By v a ry in g  th e  r e a c t a n t s ,  a  whole range  o f  p o l y e s t e r s ,  
b o th  th e rm o s e t t in g  and th e r m o p la s t i c ,  can be p roduced . One o f  t h e s e  groups 
a r e  known a s  u n s a tu r a t e d  p o l y e s t e r s ,  t h a t  i s  th e y  c o n ta in  C = C doub le  bonds 
t h a t  can f u r t h e r  r e a c t  w ith  f r e e  r a d i c a l s  to  produce c h a in  c r o s s  l i n k s .
A l l  p o l y e s t e r  r e s i n s  u sed  i n  com posites  f a l l  w i th in  t h i s  c a te g o ry .  They 
a r e  c a p a b le  o f  c r o s s - l i n k i n g  to  form a polym er ch a in  net%#ork, and a r e  th u s  
th e rm o s e ts .  T h is  meams t h a t ,  a f t e r  c u re ,  f u r t h e r  h e a t in g  does n o t  a l t e r  
t h e i r  p r o p e r t i e s  (below T g ) ,  and  th e y  rem ain r i g i d .  They a r e  formed by 
r e a c t i n g  a  d ib a s i c  a c i d  w i th  a  d i o l ,  and th e n  c r o s s - l i n k e d  i n  th e  p re s e n c e  
o f  a  monomer such  a s  s t y r e n e .
The p r o p e r t i e s  o f  th e s e  r e s i n s , t h a t  l e d  to  t h e i r  u se  i n  r e in f o r c e d  
p l a s t i c s , h a v e  been  summarised by Lawrence ( 3 2 ) : -
( i )  E asy  to  hand le  i n  l i q u i d  form
( i i )  Rapid c u r e ,  p a r t i c u l a r l y  a t  e l e v a te d  te m p e ra tu re s
( i i i )  E x c e l le n t  d im en s io n a l  s t a b i l i t y
( iv )  Good e l e c t r i c a l  p r o p e r t i e s  ( t r a n s p a r e n t  to  m icro-w aves)
(v) Good g e n e ra l  p h y s i c a l  p r o p e r t i e s .
A b r i e f  rev iew  o f  th e  s t r u c t u r e  and p r o p e r t i e s  o f  th e s e  r e s i n s  i s  p r e s e n te d  
in  t h i s  s e c t i o n ,  a s  w e ll  a s  some d i s c u s s io n  o f  th e  e f f e c t  a n  aqueous 
environm ent has on th e s e  p r o p e r t i e s .  T h is  w i l l  l a t e r  be r e l a t e d  to  th e  
b eh a v io u r  o f  g l a s s  r e in f o r c e d  p o l y e s t e r s  when exposed to  w a te r  d u r in g  a 
c re e p  t e s t .
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3 .1  P o ly e s t e r  fo rm a t io n  and s t r u c t u r e
P o l y e s t é r i f i c a t i o n  i s  t y p i c a l  o f  a  c o n d e n sa t io n  r e a c t i o n ,  i n  which w a te r  
m o lecu les  a r e  produced  a t  each p o ly m e r i s a t io n  s t e p .  The r e a c t i o n  i s  
ana logous  to  an  in o rg a n ic  n e u t r a l i s a t i o n  r e a c t i o n  ( i . e .  a c i d  + base  = 
s a l t  + w a te r ) .  The g e n e ra l  r e a c t i o n  between a d ib a s i c  a c i d  and a  d i o l  
i s  g iv en  by Cowie (33) a s : -
HO - R -  OH + HOOC -  R -  COOH — > HO -  R -  OCO -  R' -  COOH + ^ 0  - ( 3 . 1 )
I f  w a te r  i s  removed a s  i t  form s, e q u i l ib r iu m  i s  n o t  a c h ie v e d ,  and a b i f u n c ­
t i o n a l  d im er i s  p roduced .  T h is  can  f u r t h e r  r e a c t  by e s t é r i f i c a t i o n  to  
produce t r i m e r s  e t c . ,  e v e n tu a l ly  p ro d u c in g  h ig h  m o le c u la r  w e i g h t , l i n e a r  c h a in  
po lym ers .  The r e s i n  used  i n  t h i s  t h e s i s  was an  i s o p h t h a l i c  p o l y e s t e r ,  and 
t h i s  rev iew  w i l l  c o n c e n t r a te  on th e  s t r u c t u r e  o f  th e s e  po lym ers .  They a r e  
formed by th e  r e a c t i o n  o f  i s o p h t h a l i c  a c id  (an isom er o f  p h t h a l i c  a n h y d r id e )  
w ith  a g ly c o l ,  u s u a l l y  1, 2 p ro p y le n e  g ly c o l  s in c e  t h i s  p roduces  a polym er
w ith  a  h ig h  s o l u b i l i t y  i n  s t y r e n e .  The s t r u c t u r e  o f  th e s e  r e a c t a n t s  i s
shown i n  f i g u r e  3 -1 -
I s o p h th a l i c  r e s i n s  a r e  w id e ly  used  because  o f  t h e i r  good c h em ica l ,a n d  
m o is tu re ,  r e s i s t a n c e .  T h is  w i l l  be shown i n  3*3 to  r e s u l t  from th e  h ig h  
c r o s s - l i n k  d e n s i t y  p o s s i b l e  w ith  th e s e  po lym ers ,  r e s u l t i n g  from th e  h ig h  
number o f  u n s a tu r a t e d  double  bonds a v a i l a b l e  f o r  r e a c t i o n  a lo n g  th e  c h a in .
Norwood ( î*) has  p r e s e n te d  a  d e t a i l e d  a c c o u n t  o f  th e  c h e m is t ry  o f  
p o l y e s t e r  r e s i n  fo rm a t io n ,  and t h i s  i s  summarised i n  f i g u r e  3 . 2 ( a ) .  The 
n o n -c ro s s  l i n k e d ,  th e rm o p la s t i c ,  u n s a tu r a t e d  p o l y e s t e r  t h a t  i s  fo rm e d , is  
d i s s o lv e d  in  a s o lv e n t  c o n ta in in g  a  monomer such a s  s t y r e n e .  T h is  s o l u t i o n  
i s  th e  l i q u i d  r e s i n  p u rchased  from a m a n u fa c tu re r .  An i n h i b i t o r  i s  a l s o  
u s u a l l y  added to  th e  s o l u t i o n , t o  p re v e n t  f r e e  r a d i c a l  c r o s s - l i n k i n g  
o c c u r r in g  d u r in g  s to r a g e .
On a d d i t i o n  o f  an i n i t i a t o r  to  th e  l i q u i d  r e s i n ,  such  a s  m ethyl e t h y l  
ke tone  p e ro x id e  (MEKP), th e  s ty r e n e  monomer w i l l  r e a c t  w ith  th e  u n s a tu r a t e d  
p o l y e s t e r  to  produce a s o l i d ,  th r e e  d im en s io n a l  c r o s s  l i n k e d - c h a i n  network 
( f i g u r e  3 . 2 ( b ) ,  A c c e le r a to r s  a r e  a l s o  added to  promote cu re  by th e  b re a k -
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down o f  any u n re a c te d  i n h i b i t o r  p r e s e n t  (3 2 ) .  C o n tro l  o f  th e  cu re  r e a c t i o n s  
( e . g .  a c c e l e r a t o r / c a t a l y s t  c o n c e n t r a t i o n s ,  cu re  t im e ,  cu re  te m p e ra tu re )  
w i l l  d e te rm in e  th e  f i n a l  c ro s s  l i n k  d e n s i t y ,  which w i l l  i n  t u r n  in f lu e n c e  
th e  f i n a l  c h e m ic a l ,a n d  m o is tu re ,  r e s i s t a n c e  o f  th e  r e s i n ,  a s  w e ll  a s  i t s  
m echan ica l  p r o p e r t i e s .
3 .2  P r o p e r t i e s  o f  p o l y e s t e r  r e s i n s
A lthough n o t  o f  d i r e c t  r e le v a n c e  to  t h i s  t h e s i s ,  i t  was th e  e l e c t r i c a l  
p r o p e r t i e s  o f  p o l y e s t e r s  t h a t  f i r s t  prompted t h e i r  u se  i n  g l a s s  r e i n f o r c e d  
l a m in a t e s .  T h e i r  h ig h  d i e l e c t r i c  c o n s ta n t  made them i d e a l  f o r  u se  i n  
a i r b o r n e  radomes d u r in g  th e  war, th e  f i r s t  a p p l i c a t i o n  re c o rd e d  f o r  GRP.
T h is  s t i l l  r e p r e s e n t s  an im p o r ta n t  a p p l i c a t i o n  f o r  th e s e  l a m in a t e s .
H ull (9 )  h a s  summarised th e  p r o p e r t i e s  o f  th e rm o s e t t i n g  r e s i n s  i n  
g e n e r a l ,  r e f e r r i n g  s p e c i f i c a l l y  to  p o l y e s t e r s .  As a r e s u l t  o f  th e  t h r e e  
d im e n s io n a l  network o f  cu red  th e rm o s e ts ,  p r o p e r t i e s  a r e  g e n e r a l l y  con­
s id e r e d  to  be i s o t r o p i c .  No m e l t in g  o c c u rs  on h e a t in g  ( c f .  t h e r m o p l a s t i c s ) ,  
and th e y  m a in ta in  th e  form th e y  had on c u r in g .  At th e  h e a t  d i s t o r t i o n  temp­
e r a t u r e ,  de te rm ined  by th e  ch a in  s t r u c t u r e ,  s t i f f n e s s  p r o p e r t i e s  degrade  
r a p i d l y ,  th u s  l i m i t i n g  th e  u se a b le  te m p e ra tu re  range o f  p o l y e s t e r s .
The m echan ica l p r o p e r t i e s  o f  a  cu red  r e s i n  depend on th e  c h a in  
s t r u c t u r e  ( i . e .  i n i t i a l  r e a c t a n t s ) ,  and th e  deg ree  o f  c r o s s - l i n k i n g  ( s t a t e  
o f  c u r e ) .  E le v a te d  te m p e ra tu re  p o s t - c u r i n g  e l im i n a t e s  p r o p e r ty  changes 
t h a t  can o c c u r  a s  % r e s u l t  o f  i n - s e r v i c e  c u r in g .  S h rinkage  d u r in g  
c u re ,  and th e rm al c o n t r a c t i o n  a f t e r  p o s t  c u re ,  can induce  i n t e r n a l  s t r e s s e s ,  
p a r t i c u l a r l y  i n  c o m p o s i te s .  T h is  can f u r t h e r  a l t e r  th e  m echan ica l re sp o n se  
o f  a r e s i n  m a t r ix  in  unexpec ted  ways. I t  can be seen  t h a t  th e  p r e d i c t i o n  
o f  th e  m echan ica l p r o p e r t i e s  o f  a  r e s i n  m a tr ix  i s  h ig h ly  complex. Some 
t y p i c a l  p o l y e s t e r  p r o p e r ty  v a lu e s  have been t a b u la t e d  by H ull (9 )  ( t a b l e  3*1).
P o ly e s t e r  r e s i n s  a r e  no rm ally  reg a rd ed ,  a f t e r  c u re ,  a s  b r i t t l e  s o l i d s .  
However, t h i s  i s  n o t  s t r i c t l y  t r u e ;  the  degree  o f  b r i t t l e n e s s  depends 
on specim en p r e p a r a t i o n  and t e s t  p ro c e d u re s .  When loaded  i n  com press ion , 
p o l y e s t e r s  undergo c o n s id e ra b le  p l a s t i c  d e fo rm a tio n .  T h is  i s  su p p re s se d  i n
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a t e n s i l e  t e s t  by prem ature f a i l u r e  a t  p r e - e x i s t i n g  bulk flaws o r  s u r fa c e  
c ra c k s .
3 .3  M oisture  e f f e c t s  in  p o ly e s t e r  r e s in s
P o ly e s te r  r e s i n s ,  when combined w ith  g la s s  f i b r e s ,  a rc  w idely  used 
f o r  a p p l i c a t io n s  where they  a r e  in  pro longed c o n ta c t  w ith  w ate r  ( e .g .  boa t 
h u l l s ) .  At room te m p era tu re ,  r e s i n  p l a s t i c i s a t i o n  i s  very  l im i t e d ,  and 
th e  main d eg rad a t io n  found can be c h a r a c te r i s e d ,  b ro ad ly ,  a s  d i s c o lo u r a t io n ,  
e ro s io n ,  and ( in  com posites) ,  f i b r e  prominence. This  can tak e  v a r io u s  
forms, such as  c ra z in g ,  debonding ( in  GRP), co lo u r  lo s s  e t c .  (3 2 ) .
The p r i n c i p l e  v a r i a b l e s  c o n t r o l l i n g  r e s i n  d u r a b i l i t y  i n  w ate r  a r e : -
( i )  Polymer ch a in  com position
( i i )  M olecular weight 
( i i i )  Degrees o f  cure
( iv )  Type, and c o n c e n t r a t io n ,  o f  c r o s s - l i n k i n g  monomer used .
P o ly e s te r  d e g ra d a t io n  o ccu rs  th rough  h y d ro ly s is  r e a c t io n s ,  m ainly a t  
u n s a tu ra te d  double bonds, so th e  m o is tu re  d e g ra d a t io n  r e s i s t a n c e  i s  
improved by r a i s i n g  th e  c ro s s  l i n k  d e n s i ty  e t c . ,  s in c e  t h i s  reduces  th e
d e n s i ty  o f  s i t e s  on th e  cha in  t h a t  can hyd ro ly se  in  the  p resence  o f  w a te r .
Norwood (3 4) examined the  c o r ro s io n  r e s i s t a n c e  o f  a range o f  r e s i n s  in  
a v a r i e t y  o f  chem ical environm ents . He looked a t  the  s t r e n g th  d e g ra d a t io n  
in  r e s i n s  exposed to  d i s t i l l e d  w ate r ,  f in d in g  a re d u c t io n  o f  20# a f t e r  
3 months, a s  w ell as  m easuring a 1# weight in c re a s e  due to  m o is tu re  
a b s o rp t io n .  No su r fa c e  c raz in g ,  o r  b l i s t e r i n g ,  o r  bulk  c ra c k in g ,  were 
d e t e c te d .  The weight i measured does no t  a c c u r a te ly  r e f l e c t
a b s o rp t io n  l e v e l s ,  s in c e  low m o lecu la r  weight c o n s t i t u e n t s  formed a s  a 
r e s u l t  o f  cha in  h y d r o ly s i s , a s  w ell a s  r e s id u a l  s ty r e n e ,  a re  leached  o u t  by 
the  w a te r ,  caus ing  a b a lan c in g  weight l o s s .
The degree o f  p o s t - c u re  was found to  a f f e c t  the c o r ro s io n  r e s i s t a n c e
of p o ly e s t e r s  in  s t ro n g  a c id s  and a l k a l i s ,  but had l i t t l e  in f lu e n c e  on the
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w ate r  p e n e t r a t i o n  r e s i s t a n c e .  F i n a l l y ,  i t  was s t a t e d  th a t  r e s i n  response  cou ld  
no t be used to  p r e d i c t  th e  b eh a v io u r  o f  a p o l y e s t e r  m a tr ix  com posite  when 
exposed to  w a te r ,  bu t t h i s  w i l l  be f u r t h e r  d is c u s s e d  i n  C hap te r  6 .
To conclude t h i s  s e c t i o n ,  th e  work o f  Ashbee e t  a l  (55) should  b e  
examined. They immersed t h i n  (3«nm) p o l y e s t e r  s t r i p s  i n  w a te r  a t  e l e v a te d  
te m p e ra tu re s  (60°C and 100°C) f o r  p e r io d s  up to  l6  weeks. On rem oval, 
i n t e r n a l  d i s c  shaped c ra c k s  were ob se rv ed  to  have formed. To e x p la in  t h i s ,  
th e y  p ropsed  a  model based  on th e  th e o ry  o f  o sm osis .  I t  was a rgued  t h a t  
v a r io u s  w a te r  s o lu b le  i n c l u s i o n s  i n  th e  r e s i n  d i s s o lv e  i n  th e  d i f f u s a n t ,  
g e n e r a t in g  a  s o l u t e  g r a d ie n t  from th e  i n c l u s i o n  to  th e  sample fa c e .  T h is  
s e t s  up an  osm otic  c e l l ,  th e  r e s i n  a c t i n g  a s  a  sem i-perm eable  membrane, and 
a  p r e s s u r e  b u i ld  up o cc u rs  a t  th e  in c lu s io n  cap a b le  o f  i n i t i a t i n g  d i s c  
c ra c k in g .
An a lt e r n a t iv e  ex p la n a tio n , r e je c te d  by the au th o rs, i s  th a t crack in g  
r e s u lt s  from the in te r n a l stressed induced by r e s in  sw e llin g , p a r t ic u la r ly  
at the e le v a te d  tem peratures used . In such th in  è h e e ts , th ese  would be 
q u ite  se v e r e , and the s t r e s s  co n cen tra tio n s  generated  around such so lu b le  
reg ion s a f t e r  le a ch in g  could  r a is e  the lo c a l  s t r e s s  l e v e l s  s u f f i c i e n t l y ,  
to  induce the crack damage found. T his l a t t e r  exp lan ation  would appear to  
be a s  p la u s ib le  a s  th a t based on o sm o sis , though no d e fin a te  co n c lu s io n s  
as to the mechanisms in vo lved  have, a s  y e t ,  been reached.
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C H A P T E R  4
THE FIBRE/MATRIX INTERFACE 
The m echan ical perform ance o f  a f i b r e  com posite  can be shown to  
depend on th r e e  f a c t o r s : -
( i )  S t r e n g th  and s t i f f n e s s  o f  th e  r e i n f o r c i n g  f i b r e s .
( i i )  S t r e n g th  and chem ica l s t a b i l i t y  o f  th e  r e s i n  m a tr ix .
( i i i )  S t r e s s  t r a n s f e r  e f f i c i e n c y  a c r o s s  th e  f i b r e / m a t r i x  i n t e r f a c e .
A bu n d le  o f  f i b r e s  would be u s e l e s s  a s  a  lo a d  b e a r in g  s t r u c t u r e ,  b u t  by 
a d d in g  a r e s i n  m a t r ix ,  s h e a r  and com press ive  p r o p e r t i e s  a r e  g iv e n  to  th e  
body, g iv in g  i t  a  u s e a b le  m echan ica l re s p o n s e .  The f i b r e s  s u p p o r t  th e  lo a d ,  
w h ile  th e  r e s i n  a c t s  a s  an  e f f i c i e n t  lo a d  s h a r in g  medium, a s  w e ll  a s  a  
b a r r i e r  a g a i n s t  f i l a m e n t  damage. Thus, to  a  g r e a t  e x t e n t ,  com posite  
re sp o n s e  depends on th e  p r o p e r t i e s  o f  th e  i n t e r f a c e  r e g io n  between th e
two com ponents. I t  i s  th u s  e s s e n t i a l  to  examine th e  chem ica l and p h y s i c a l
p r o p e r t i e s  o f  th e  i n t e r f a c e  b e fo re  la m in a te  b e h a v io u r  can  be p r e d i c t e d ,  
p a r t i c u l a r l y  i n  aqueous env ironm en ts .
4 . - 1  S t r u c t u r e  o f  th e  i n t e r f a c e
The i n t e r f a c e  c o n s i s t s  o f  a  s u r f a c e ,  common to  th e  f i b r e  and m a tr ix ,  
and th e  immediate r e g io n  bounding t h i s  s u r f a c e .  I t  h a s  p r o p e r t i e s  d i f f e r e n t  
from th o s e  o f  th e  f i b r e s  and th e  m a tr ix  ( 3 ^ ) .  S co la  (3 ? )  c o n s id e r s  th e  
r e g io n  to  c o n s i s t  o f  s u r f a c e  and s u b - s u r f a c e  atoms from b o th  th e  m a t r ix ,  
and to  some e x t e n t ,  th e  f i b r e .  The number o f  a tom ic  l a y e r s  below th e  
s u r f a c e  t h a t  in f lu e n c e  i n t e r f a c i a l  p r o p e r t i e s  i s  u n c e r t a in ,  a s  i s  th e  
d i s t a n c e  between th e  r e s p e c t iv e  s u r f a c e s ,  though th e  th i c k n e s s  was found 
by Norman e t  a l  ( 3 8 ) to  exceed ^ m .  Before  c o n s id e r in g  th e  s p e c i f i c  n a tu r e  
o f  th e  g l a s s / p o l y e s t e r  i n t e r f a c e ,  some o f  th e  g e n e ra l  i n t e r f a c i a l  bonding 
t h e o r i e s  w i l l  be d i s c u s s e d .
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ChamiB (56) c l a s s i f i e s  the bonding th a t  occu rs  under 5 broad head ings; 
chem ica l,  e l e c t r i c a l  and m echan ica l.  I r r e s p e c t i v e  o f  bond ty p e ,  load  t r a n s ­
f e r  can be co n s id e re d  as  a mechanical p ro c e s s .  For bonding, c o n s t i t u e n t s  
have to  be in  in t im a te  m o lecu la r  c o n ta c t ,  i . e .  adh e r in g  to  each o th e r  (3®).
In a review p a p e r ,  E rickson  and Pleuddemann (3 ° )  showed t h a t  good f i b r e  
s u r fa c e  w e tt in g  by the  l i q u i d  r e s in  was e s s e n t i a l  to  the  development o f  s t ro n g  
i n t e r f a c i a l  bonds. Sco la  (3?) a l s o  dem onstrated  t h i s  req u irem en t ,  p r e s e n t in g  
th re e  c r i t e r i a  e s s e n t i a l  f o r  good adhes ion :  -
( i )  The adhes ive  must wet th e  adherend s u r f a c e ,  e n su r in g  complete
and in t im a te  c o n ta c t .
( i i )  The adhes ive  must become v isco u s ,  o r  s o l i d  d u ring  bonding.
( i i i )  The ad h es iv e  must be a b le  to  deform d u r in g  s o l i d i f i c a t i o n  to
r e l i e v e  i n t e r n a l  s t r e s s e s  caused by therm al and cure  s h r in k a g e .
These f a c t o r s  p la ce  two c o n d i t io n s  on s u r f a c e s  to  be bonded : -
( i )  To ensure  w e t t in g ,  adherend su r fa c e  energy must be l e s s  than  
th a t  o f  the  ad h e s iv e .
( i i )  A la rg e  i n t e r f a c i a l  a r e a  o f  c o n ta c t  i s  d e s i r a b l e ,  r e g a r d l e s s  
o f  th e  bonding p r e s e n t .
Various th e o r i e s  o f  i n t e r f a c i a l  adhes ion  have been reviewed by 
Wake (4 o ) ,  and summaries o f  th e se  models a re  p re s e n te d  below. The 
s i t u a t i o n  i s  more complex in  g l a s s / p o l y e s t e r  system s, bu t t h i s  w i l l  be 
covered in  4 .2 .  The models o f  i n t e r e s t  can be c l a s s i f i e d  under f iv e  main 
head ings :
( i )  Adsorption and w e tt in g
( i i )  I n t e r d i f f u s i o n
( i i i )  E l e c t r o s t a t i c  a t t r a c t i o n
( iv )  Chemical bonding
(v) Mechanical adhesion
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4 . 1 .1  A dsorp tion  and v e t t i n g
When two s u r f a c e s  a re  b rough t i n t o  i n t im a te  c o n t a c t ,  a p h y s ic a l  
a t t r a c t i o n  o c c u r s .  Due to  s u r f a c e  roughness  and c o n ta m in a t io n ,  bonding  i s  
weak, so l i q u i d  r e s i n  i s  in t ro d u c e d  to  f i l l  a l l  th e  a i r  gaps and promote 
good a d h e s io n .  To a c h ie v e  t h i s ,  th e  r e s i n  m ust wet th e  s u r f a c e s  a s  much 
a s  p o s s i b l e .
W etting  i s  b e s t  d e s c r ib e d  in  te rm s o f  2 e q u a t io n s .  F i r s t l y ,  th e  Dupre 
e q u a t io n  f o r  th e  thermodynamic work o f  a d h e s io n  (Wa) i s : -
Wa = Yu + Ys -  - ( 4 . 1 )
where Yl , \  , and Ŷ  , a r e  th e  s u r f a c e  f r e e  e n e r g i e s  o f  th e  l i q u i d ,  s o l i d  and 
i n t e r f a c e .
T h is  can  be r e l a t e d  t o  th e  c a se  o f  a l i q u i d  drop  on a  s o l i d  s u r f a c e ,  u s in g  
Youngs e q u a t i o n : -
\ v  = + Yiy X cos 0 - ( 4 . 2 )
where \ \  ,Yŝ  , and Ylv , c ^ re  th e  s u r f a c e  f r e e  e n e r g i e s  o f  th e  s o l id / v a p o u r  
s o l i d / l i q u i d ,  and l i q u id /v a p o u r  i n t e r f a c e s ,  and 0 i s  th e  c o n ta c t  a n g l e .
For sp o n tan eo u s  w e t t in g ,  0 = 0 .  From t h i s ,  Zisman in t ro d u c e d  th e  co n ce p t  o f  
a  c r i t i c a l  s u r f a c e  t e n s io n  ( Yc) f o r  l i q u i d  s p r e a d i n g , i . e .  \ v <  Yc ,
In  p r a c t i c a l  te rm s ,  t h i s  means t h a t  th e  f i b r e  s u r f a c e  ene rgy  must exceed  
t h a t  o f  th e  m a tr ix  f o r  bonding to  o c c u r .
In  a  p h y s ic a l  s e n s e ,  th e s e  bonds r e s u l t  from h ig h ly  l o c a l i s e d  
in t e r m o l e c u la r  d i s p e r s i o n  f o r c e s  which, t h e o r e t i c a l l y ,  can g iv e  v e ry  
h igh  g l a s s / m a t r i x  c o h e s io n .  T h is  does n o t  o c c u r  i n  p r a c t i c e  because  o f  
th e  f o l l o w i n g : -
( i )  F ib re  s u r f a c e  c o n ta m in a t io n ,  c a u s in g  s u r f a c e  ene rgy  r e d u c t io n s ,
( i i )  A ir  and gas  en trappm ent a t  th e  s o l i d  s u r f a c e .
( i i i )  l a rg e  sh r in k a g e  s t r e s s e s  t h a t  o c c u r  on c u r in g ,  l e a d in g  to  
i r r e c o v e r a b le  s u r f a c e  d i s p la c e m e n ts .
F ib re  w e t t in g  i s  a v e ry  im p o r ta n t  p a ra m e te r  i n  c o m p o s i te s ,  s in c e  in c o m p le te
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s u r f a c e  c o a t in g  by th e  r e s i n  can reduce s t r e s s  t r a n s f e r ,  and hence mech­
a n i c a l  p r o p e r t i e s .
4 . 1 .2  I n t e r d i f f u s i o n
Bonds between two polymer s u r f a c e s  can be c r e a t e d  by th e  d i f f u s i o n  o f  
m o lecu le s  from one s u r f a c e  i n t o  th e  network o f  th e  o t h e r .  Bond s t r e n g t h  
th e n  depends on th e  d eg ree  o f  m o le c u la r  ch a in  en tan g lem en t ,  and th e  number 
o f  m o lecu le s  in v o lv e d .  The p re se n c e  o f  s o lv e n t s  and p l a s t i c i s e r s  can  promote 
i n t e r d i f f u s i o n ,  th e  r a t e  o f  which depends on m o le c u la r  m o b i l i t y ,  a r c h i t e c t u r e ,  
and c o n s t i t i t i o n .  When g l a s s  f i b r e s  a r e  p r e - c o a t e d  w ith  polym er p r i o r  
to  l a y -u p ,  good bonding i s  found to  o c c u r ,  which can p a r t l y  be a t t r i b u t e d  
to  m a t r ix / c o a t i n g  i n t e r d i f f u s i o n .
4 . 1 .3  E l e c t r o s t a t i c  a t t r a c t i o n
When o p p o s i t e ly  charged  s u r f a c e s  a r e  b ro u g h t  i n t o  c o n t a c t ,  e l e c t r o ­
s t a t i c  bonding r e s u l t s ,  th e  s t r e n g t h  o f  which can  be r e l a t e d  to  t h e  charge  
d e n s i t y .  While t h i s  ty p e  o f  bonding  i s  n o t  r e l e v a n t  to  th e  g e n e ra l  c a se  
o f  f i b r e / r e s i n  a d h e s io n ,  i t  cou ld  w e ll  govern  th e  way c o u p l in g  a g e n t s  c o a t  
th e  g l a s s  s u r f a c e .  Thus, i f  io n i c  f u n c t i o n a l  s i l a n e s  a r e  used  ( 4 .2 ) ,  
c a t i o n i c  f u n c t i o n a l  g roups w i l l  be a t t r a c t e d  t o  an a n io n ic  s u r f a c e  and 
v i c e - v e r s a .  C o n tro l  o f  pH l e v e l s  can th u s  d e te rm in e  th e  s i l a n e  m olecu le  
o r i e n t a t i o n  on th e  g l a s s  s u r f a c e ,  o p t im is in g  c o u p l in g  a g e n t  e f f i c i e n c y .
T h is  bonding  w i l l  b reak  down i n  w a te r ,  so o t h e r  bond ty p e s  must o p e ra te  
d u r in g  c o u p l in g  ag en t ad h e s io n .
4 . 1 . 4  Chemical bonding
T h is  model b e s t  app rox im ates  th e  a c t i o n  o f  c o u p l in g  a g e n ts  on g l a s s  
f i b r e s .  A chem ica l bond can form between co m p a tib le  f i b r e  and m a tr ix  
chem ica l g ro u p s .  Bond s t r e n g t h  depends on th e  number and type  o f  chem ica l
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bonds p r e s e n t ,  and i n t e r f a c i a l  f a i l u r e  must r e q u i r e  chem ica l bond b re a k in g  
to  o c c u r .  Bond fo rm atio n  and d e s t r u c t i o n  p r o c e s s e s  a r e  tho u g h t to  be in  
a th e rm a l ly  a c t i v a t e d  dynamic e q u i l ib r iu m  s t a t e .
4 . 1 .5  M echanical ad h es io n
Some bonding between f i b r e  and  m a tr ix  can  o c c u r  th ro u g h  m echan ica l i n t e r ­
lo c k in g ,  where s t r e n g t h  i s  a c h ie v e d  from th e  f r i c t i o n a l  fo ro es  p r e s e n t .
When a  r e s i n  co m p le te ly  w ets  a  f i b r e ,  i t  can flow  i n t o  a l l  th e  s u r f a c e  
i r r e g u l a r i t i e s  p r e s e n t .  S t r e n g t h  i n  t e n s io n  w i l l  be low, depending  on 
th e  number o f  r e - e n t r a n t  a n g l e s  in  th e  f i b r e  s u r f a c e .  S h e a r  s t r e n g t h ,  how­
e v e r  w i l l  be h ig h ,  i t s  u l t im a te  l e v e l  depending  on th e  f i b r e  s u r f a c e  rough­
n e s s .  A rough s u r f a c e  w i l l  a l s o  in c r e a s e  chem ica l bond ing  p o t e n t i a l ,  by 
r a i s i n g  th e  a v a i l a b l e  s u r f a c e  a r e a .
As w e l l  a s  m echanica l i n t e r l o c k i n g ,  m e ch an ica l  bond s t r e n g t h  can be 
in c r e a s e d  by th e rm a l ly  induced  i n t e r n a l  s t r e s s e s ,  found on c u r in g .  These 
a r i s e  from m a tr ix  s h r in k a g e ,  d i f f e r e n t i a l  th e rm a l  c o n t r a c t i o n  e t c . ,  r e s u l t i n g  
in  h ig h  p u l l  o u t  s t r e n g t h  a s  th e  r e s i n  s h r in k s  on to  th e  f i b r e .
4 .2  C oupling  a g e n ts  i n  g l a s s / p o l y e s t e r  com posites
When g l a s s / p o l y e s t e r  com posites  were f i r s t  p ro d u ced ,  i t  was found t h a t  
s e v e re  s t r e n g t h  d e g ra d a t io n  o c c u r re d  on exposure  to  w a te r ,  a t t r i b u t a b l e  to  
i n t e r f a c i a l  breakdown. Even when f i b r e s  were d r i e d  p r i o r  to  e n c a p s u la t io n  
( 4 l ) ,  t h e  s e v e r i t y  o f  m o is tu re  induced  d e g ra d a t io n  was unchanged. In  
o r d e r  to  produce a w a te r  r e s i s t a n t  bond between th e  in o r g a n ic  f i b r e  s u r f a c e  
and th e  o rg a n ic  r e s i n ,  an  in t e r m e d ia te  m a t e r i a l  was r e q u i r e d .  O rgano- 
f u n c t i o n a l  s i l a n e s  (h y b r id s  o f  s i l i c a  and r e s i n  c o m p a tib le  o rg a n ic  m a te r ia l s ) ,  
were obv ious  ch o ice  f o r  t h i s  a p p l i c a t i o n , a n d  have been  s u c c e s s f u l l y  used 
s in c e  th e  1950s. The r e s u l t  o f  u s in g  th e s e  a g e n t s ,  vras to  improve 
m echan ical p r o p e r t i e s  th ro u g h  an i n c r e a s e  in  bond s t r e n g t h ,  a s  w e ll  a s
28
im prov ing  the  i n t e r f a c i a l  r e s i s t a n c e  to  m o is tu re  a t t a c k .
From s u r f a c e  energy  c o n s id e r a t i o n s ,  g l a s s  f i b r e s  sh o u ld  be w e tte d  by
most l i q u i d  r e s i n s  ( 3 8 ) .  However, a s  soon a s  m o is tu re  c o n t a c t s  g l a s s
f i l a m e n t s ,  th e  h ig h ly  h y d r o p h i l l i c  s u r f a c e  a d s o rb s  a  t i g h t l y  bound l a y e r
o f  w ate r ,  s e v e r a l  m o lecu le s  t h i c k .  S u f f i c i e n t  m o is tu re  p ic k  up o c c u r s
d u r in g  m anufac tu re  ( 2 .2 )  to  reduce th e  f i b r e  s u r f a c e  energy  from 
—2 —2500mJm to  10-20mJm ( 9 ) ,  which i s  too  low f o r  p o l y e s t e r  r e s i n s  to  wet
th e  g l a s s  f i b r e .  However, th e  c o u p l in g  a g e n t  a p p l i e d  a s  p a r t  o f  th e
i n i t i a l  s i z e  c o a t in g  can  wet th e  f i b r e .  A f te r  c u r in g  th e  c o u p l in g  a g e n t
_2
c o a t ,  s u r f a c e  energy  i s  in c r e a s e d  to  40mJm , a l lo w in g  th e  l i q u i d  r e s i n  
to  wet th e  c o a te d  f i l a m e n t s .  Thus, one o f  th e  ways s i l a n e s  promote 
i n t e r f a c i a l  a d h e s i o n , i s  by i n c r e a s i n g  th e  w e t t a b i l i t y  o f  th e  f i b r e  s u r f a c e .
B efore  c o n s id e r in g  how c o u p l in g  a g e n ts  i n c r e a s e  bond s t r e n g t h ,  m ention  
sh o u ld  be made o f  th e  com p o si t io n  o f  p o l y e s t e r  co m p a tib le  s i l a n e s .  F o r 
optimum perfo rm ance ,  s i l a n e s  s p e c i f i c  to  th e  r e s i n  system  chosen  sh o u ld  be 
a p p l i e d .  S e l e c t i o n  o f  c o u p l in g  a g e n t s  i n  com mercial f i b r e  m anufac tu re  i s  
s t i l l  v e ry  much a n  a r t  form, sh rouded  in  s e c r e c y ,  r a t h e r  th a n  an  e x a c t  
s c i e n c e .  S e v e ra l  y e a r s  o f  t e s t i n g  go i n t o  th e  o p t i m i s a t io n  o f  c o u p l in g  
a g e n t  fo rm u la t io n .  However, Pleuddemann (4 1 ) ,  i n  a d e t a i l e d  rev iew  
o f  s i l a n e  c o u p l in g  a g e n t s ,  lo o k s  a t  some p o l y e s t e r  co m p a tib le  s i l a n e s .
The most common ag e n t  a p p l i e d  to  E -g la s s  f i b r e s , i s  a  c a t i o n i c  m e th a c r y l a te -  
s i l a n e ,  th e  s t r u c t u r e  o f  which can be r e p r e s e n te d  a s : -  
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T h is  compound im p a r ts  good h a n d l in g  c h a r a c t e r i s t i c s  to  th e  t r e a t e d  g l a s s .
The q u a te rn a ry  ammonium fu n c t io n  i n  th e  s i l a n e  a c t s  a s  a p ro m o te r  f o r  
th e  i n i t i a t o r s  used  in  p o l y e s t e r  r e s i n  sy s tem s . As a r e s u l t ,  th e  bond ing  
c h a r a c t e r i s t i c s  o f  a c o u p l in g  a g e n t  a r e  v ery  s e n s i t i v e  to  th e  system
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employed, a s  shown by Vaughan and S an d ers  (4 ? ) .
When th e  re in fo rc e m e n t  used i s  a woven f a b r i c ,  th e  s i z e  a p p l i e d  in  
th e  i n i t i a l  m anufac tu re  i s  o f t e n  b u rn t  o f f  a f t e r  weaving, and a c o u p l in g  
a g e n t  th en  a p p l i e d  (58, ^ , 4%). T h is  can cause  p rob lem s, a s  w i l l  be 
d em o n s tra ted ,  s in c e  s i l a n e  p e n e t r a t i o n  to  th e  i n t e r i o r  o f  a ro v in g  c r o s s ­
o v e r  may n o t  be com ple te ,  l e a v in g  h ig h ly  s t r e s s e d  re g io n s  o f  th e  r e i n f o r c e ­
ment in a d e q u a te ly  p r o te c te d  a g a i n s t  m o is tu re  a t t a c k .  Downey (43) has  p ro v id ­
ed ev idence  t h a t  some modern f a b r i c s  a r e  s u r f a c e  t r e a t e d  p r i o r  to  w eaving. 
Where t h i s  i s  th e  c a s e ,  g l a s s / g l a s s  c o n ta c t  p o in t s  ( e . g .  c r o s s  o v e rs ) ,  can 
have m e c h a n ic a l ly  damaged s u r f a c e  c o a t in g s  a f t e r  weaving, a g a in  l e a v in g  
th e s e  r e g io n s  in a d e q u a te ly  p r o t e c t e d .
Adhesion p rom otion  by s i l a n e s  i s  s t i l l  n o t  f u l l y  u n d e rs to o d ,  and none 
o f  th e  a v a i l a b l e  t h e o r i e s  f u l l y  p r e d i c t  b e h a v io u r .  I t  i s  now g e n e r a l l y  
a c c e p te d  t h a t  s i l a n e s  form a  s u r f a c e  f i lm ,  r a t h e r  th a n  d i s c r e t e  d r o p l e t s ,  
on th e  f i b r e s .  D i r e c t  o b s e r v a t io n  o f  t h i s  f i lm  has so f a r  proved  im p o ss ib le  
due t o  th e  low c o n c e n t r a t i o n  o f  c o u p l in g  a g e n t  u se d .  Pleuddemann ( 4 l )  models 
th e  system  a s  a  m o le c u la r  m onolayer o f  s i l a n e ,  c o v a l e n t l y  bonded to  th e  
g l a s s  s u r f a c e  o x id e s ,  l e a v in g  th e  o rg a n o fu n c t io n a l  g roups to  r e a c t  w ith  
th e  r e s i n .  T h is  model f a l l s  w i th in  th e  chem ica l bonding  th e o ry  ( 4 .1 .  4 ) .
Yip and S h o r t a l l  ( 4 f ) found t h a t  bond s t r e n g t h  p r e d i c t i o n s  from th e  
m onolayer model were too  h ig h ,  and th e y  m o d if ied  th e  th e o ry  to  a c c o u n t  f o r  
ob se rv ed  b e h a v io u r .  In  t h i s  model, a  dynamic e q u i l ib r iu m  between making 
and b re a k in g  o f  hydrogen bonds between polym er segments and th e  g l a s s  
s u r f a c e , due to  th e  p re se n c e  o f  w a te r  m o le c u le s ,  i s  e s t a b l i s h e d .  They 
concluded  by s t a t i n g  t h a t  th e  i n t e r f a c i a l  bond p r e s e n t  c o n s i s t e d  o f  two 
m echan ism s:-
( i )  Chemical bonding  due to  th e  above
( i i )  M echanical bonding due to  d i f f e r e n t i a l  th e rm al c o n t r a c t i o n  
on c u re .
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T o ta l  bond s t r e n g t h  i s  ap p ro x im a te ly  65# c h e m ic a l , and 35# m e ch an ica l .
G raf  e t  a l  (4 3) p r e s e n t  two f u r t h e r  models o f  bonding . In  one, 
p r e f e r e n t i a l  a d s o r p t io n  o f  c e r t a i n  r e s i n  components on to  th e  s i l a n e  s u r f a c e  
c r e a t e s  an in c o m p le te ly  cu red  r e s i n  l a y e r  a d j a c e n t  to  th e  f i b r e ,  im p a r t in g  
some d e s i r a b l e  p r o p e r t i e s ,  b u t  n o t  e x p la in in g  th e  m o is tu re  r e s i s t a n c e  o f  th e s e  
c o a t i n g s .  In  th e  second, an i n t e r p e n e t r a t i n g  network r e g io n  forms a t  th e  
i n t e r f a c e , t h r o u g h  s i l a n e  c a t a ly s e d  phase  s e p a r a t i o n .  They a l s o  e x p la in  
how c o u p l in g  a g e n t  m u l t i - l a y e r s ,  found by i n f r a - r e d  s p e c tro s c o p y ,  a r e  
c r e a t e d  on th e  f i b r e  s u r f a c e .
In  th e  m u l t i - l a y e r  model, th e  s i l a n e  in t e r p h a s e  ( r e g io n  between f i b r e  
and m a tr ix ) ,  i s  d iv id e d  i n t o  2 components; th e  chem isorbed  and p h y s is o rb e d .
The l a t t e r  can be removed by th e  u se  o f  o rg a n ic  s o l v e n t s ,  w h ile  th e  
fo rm er monolayer ca n n o t .  I t  i s  th o u g h t  t h a t  p h y s is o rb e d  l a y e r s  d i s s o lv e  i n t o  
th e  r e s i n  d u r in g  c u re ,  form ing a  complex in t e r p h a s e  a d j a c e n t  to  th e  f i b r e  
c o n s i s t i n g  o f  a  r e s i n / s i l a n e  o l ig o m er  m ix tu re .  T h is  changes th e  l o c a l  
m echan ica l p r o p e r t i e s  a round  f i b r e s .  The s i l a n e  c o n c e n t r a t i o n  used  in  a  
c o a t in g  has been found to  a l t e r  th e  s t r e n g t h  o f  a  com posi te ,  and t h i s  i s  
e x p la in e d  in  te rm s o f  changes in  th e  t h i c k n e s s  o f  th e  in t e r p h a s e  form ed.
S in ce  th e  r e a c t i o n s  i n  t h i s  r e g io n  a c t  to  b re a k  down th e  c r o s s - l i n k s  i n  th e  
m a t r ix ,  p a r t i a l  p l a s t i c i s a t i o n  o c c u rs  around th e  f i b r e .  T h is  can th e n  
a c t  a s  a  b a r r i e r  to  m o is tu re  u p ta k e ,  s in c e  h y d r o ly s i s  i n  t h i s  r e g io n  i s  
impeded by th e  s i l a n e  l in k a g e s  formed a t  th e  netw ork s i t e s  most p rone  to  
m o is tu re  a t t a c k .
O th e r  models e x i s t ,  such a s  th e  deform able  l a y e r  and r e s t r a i n e d  l a y e r  
t h e o r i e s ,  a l l  o f  which a r e  review ed i n  d e t a i l  by Pleuddemann (4 1 ) .  S in ce  
i n f r a - r e d  sp e c tro sc o p y  has  shown t h a t  c o u p l in g  a g e n t s  form m u l t i - l a y e r s ,  
th e  monolayer th e o ry  (4 ] )  can be reg a rd ed  a s  s i m p l i s t i c .  However, from 
th e  c u r r e n t  t h e s i s ,  i t  would ap p ea r  t h a t  a m ix tu re  o f  chem ica l and mech­
a n i c a l  bonding (1 4 .5 )  e x i s t s  a t  th e  i n t e r f a c e  i n  th e  g l a s s / p o l y e s t e r  la m in a te s
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exam ined, a s  found by Yip and S h o r t a l l  (^+4), Thus, a com bina tion  o f  th e  
m u l t i - l a y e r  th e o ry  o f  G raf e t  a l  (43) and th e  model p roposed  by Yip 
and S h o r t a l l  would b e s t  r e p r e s e n t  th e  i n t e r f a c i a l  b eh a v io u r  observed
in  P a r t  I I I .
4 .3  Load t r a n s f e r  mechanisms
The p r o p e r t i e s  o f  a com posite  depend on th e  a b i l i t y  o f  th e  m a t r ix  to  
t r a n s m i t  s t r e s s e s  to  th e  load  b e a r in g  f i b r e s .  To model t h i s  e f f e c t ,  s e v e r a l  
a s su m p tio n s  have to  be made ( 9 ) : -
( i )  M atr ix  and f i b r e  behave e l a s t i c a l l y
( i i )  I n t e r f a c e  has  ze ro  t h i c k n e s s
( i i i )  I n t e r f a c i a l  bonding i s  p e r f e c t  ( i . e .  no s t r a i n  d i s c o n t i n u i t y )
( iv )  M a te r i a l  a d j a c e n t  to  f i b r e s  has  th e  same p r o p e r t i e s  a s  t h a t  
found i n  th e  b u lk
(v)  F i la m en ts  a r e  r e g u l a r l y  a r ra n g e d  i n  a  r e p e a t i n g  a r r a y .
In  r e a l  co m p o s i te s ,  ( i i )  -  ( i v )  a r e  i n c o r r e c t  s i m p l i f i c a t i o n s ,  w h ile  ( i )  
and (v )  a r e  n o t  a lw ays t r u e .  D e s p i te  t h i s ,  th e  r e s u l t i n g  model does p ro v id e  
r e a s o n a b le  a p p ro x im a tio n s  o f  th e  ob se rv ed  b e h a v io u r .
An im p o r ta n t  f a c t o r  i n  th e  d i s c u s s io n  o f  lo a d  t r a n s f e r  i s  th e  
c o n t r i b u t i o n  made by th e  f i l a m e n t  ends ,  p r e s e n t  a s  a  r e s u l t  o f  f i b r e  b reakage   ̂
a s  w e ll  a s  when s h o r t  f i b r e  r e in fo rc e m e n t  (e . g .  csm) has  been u s e d .
F ib re  ends d i s r u p t  th e  s t r e s s  and s t r a i n  f i e l d s  i n  b o th  th e  f i b r e  and 
m a t r ix ,  to  a degree  t h a t  i n c r e a s e s  w ith  d e c r e a s in g  f i b r e  a s p e c t  r a t i o .
Thus, a s  th e  re in fo rc e m e n t  le n g th  d e c re a s e s ,  so does i t  lo a d  b e a r in g  
e f f i c i e n c y .
C o n s id e r  the  case  o f  a f i l a m e n t  embedded i n  a low er modulus m a tr ix  
w ith  good i n t e r f a c i a l  bond c h a r a c t e r i s t i c s  ( f i g u r e  4 . 1 ) .  When a lo a d  i s  
a p p l i e d  to  th e  co m p o si te ,  s t r e s s  i s  t r a n s f e r r e d  to  th e  f i b r e  a c r o s s  th e  
i n t e r f a c e .  Around th e  f i b r e  ends ,  s t r a i n  l e v e l s  f a l l  below th o se  i n  th e  
s u r ro u n d in g  m a tr ix ,  in d u c in g  i n t e r f a c i a l  s h e a r  s t r e s s e s  ( f i g u r e  4 . 1 ( a ) ) .
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E x p re s s io n s  f o r  i n t e r f a c i a l  sh ea r ,  and t e n s i l e , s t r e s s e s  a lo n g  th e  f i b r e  can 
be p roduced  ( 9 ) ,  th e  r e s u l t s  from which a r e  i l l u s t r a t e d  in  f ig u r e  4 . 1 ( b ) .
Three im p o r ta n t  o b s e r v a t io n s  can be made from t h i s  a n a l y s i s  ( 3 6 ) : -
( i )  The s h e a r  s t r e s s  a t  th e  i n t e r f a c e  i n c r e a s e s  r a p i d l y  to  a peak 
v a lu e ,  th e n  decays to  ze ro  on t r a v e r s i n g  a lo n g  th e  f i b r e  from 
i t s  end.
( i i )  The t e n s i l e  s t r e s s  a t  th e  f i b r e  end i s  z e ro ,  b u t  b u i l d s  up a lo n g  
th e  f i b r e ,  r a p i d l y  a t t a i n i n g  i t s  av e ra g e  v a lu e ,  a s  th e  s h e a r  
s t r e s s e s  from ( i )  decay away.
( i i i )  Where th e  m a tr ix  behaves  p l a s t i c a l l y ,  s h e a r  s t r e s s e s  can  be
g e n e ra te d  a t  th e  i n t e r f a c e  away from th e  f i b r e  end r e g io n  (^ I c ) .
The r e g io n  o f  t h e  f i b r e  o v e r  which s h e a r  s t r e s s e s  reduce  th e  lo a d  t r a n s f e r  
e f f i c i e n c y ,  i s  known a s  th e  i n e f f e c t i v e  l e n g th .  From t h i s ,  i t  can  be seen  
t h a t  f i b r e s  s h o r t e r  th a n  Ic  w i l l  n o t  r e i n f o r c e  th e  r e s i n  m a t r ix .
Reinforcem ent e f f i c i e n c y  i s  dependent on i n t e r f a c i a l  bond s t r e n g t h ,
s in c e  lo a d  t r a n s f e r  depends on s t r o n g  a d h e s io n .  The l a r g e  s h e a r  f o r c e s
g e n e ra te d  w i th in  th e  i n e f f e c t i v e  le n g th  can r e s u l t  i n : -
( i )  S h e a r  debonding a t  th e  i n t e r f a c e
( i i )  Cohesive  f a i l u r e  o f  th e  m a tr ix
( i i i )  Cohesive f a i l u r e  o f  th e  f i b r e
( iv )  S h ea r  y i e l d i n g  o f  th e  m a t r ix .
Which o f  th e s e  f a c t o r s  de te rm ine  th e  o v e r a l l  e f f i c i e n c y  i s  dependent on 
t h e i r  r e s p e c t iv e  f a i l u r e  s t r e s s e s .  F ib re  s t r e n g t h  a l s o  l i m i t s  e f f i c i e n c y ,  
s in c e  a  f i la m e n t  b reak  w i l l  reduce  th e  a s p e c t  r a t i o  o f  t h a t  f i b r e ,  
c a u s in g  a drop i n  lo ad  b e a r in g  c a p a b i l i t y .
4 . 4 Water a t  th e  i n t e r f a c e
The f i b r e / r e s i n  i n t e r f a c e  has long  been re g a rd e d  a s  a re g io n  o f  
h igh  m o is tu re  E ^ m s i t iv i t y ,  p a r t i c u l a r l y  in  g l a s s / p o l y e s t e r  co m p o s i te s .
Water can cause  a d ram a tic  lo s s  o f  f l e x u r a l  s t r e n g t h ,  e s p e c i a l l y  a t  e l e v a te d
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te m p e ra tu r e .  S i l a n e s  can improve p r o p e r t i e s  in  w a te r ,  b u t  wet s t r e n g t h  
r e t e n t i o n  a t  e l e v a te d  te m p e ra tu re s  i s  s t i l l  n o t  t o t a l .  For s i l a n e  
co a ted  E -g la s s  c l o th  in  p o l y e s t e r ,  exposed to  b o i l i n g  w a te r  f o r  24 h o u rs ,  
a 6# drop  in  f l e x u r a l  s t r e n g t h  has been r e p o r te d  (3?) ( o f . 27# f o r  u n t r e a t e d  
g l a s s ) .  The mechanisms o f  d e g ra d a t io n  must be e s t a b l i s h e d ,  from which th e  
improvements due to  th e  a p p l i c a t i o n  o f  c o u p l in g  a g e n ts  can  be m ode lled .
Bascom (46) p r e s e n t s  a good rev iew  o f  t h i s  f i e l d ,  and much o f  th e  fo l lo w in g  
i s  ta k e n  from h i s  woik.
F i r s t l y  t h e  lo c u s  o f  f a i l u r e  must be e s t a b l i s h e d .  From f r a c t u r e  
s t u d i e s ,  th e  i n i t i a t i o n  and slow c ra c k  growth r e g io n s  w i th in  GRP a r e  r a r e l y  
a p p a r e n t .  I t  i s  n e c e s s a ry  to  know where f a i l u r e  i n i t i a t e s  i n  o r d e r  to  o b se rv e  
th e  e f f e c t  m o is tu re  has  on th e  whole p r o c e s s .  Crack e x te n s io n  s t u d i e s  have 
t h e r e f o r e  been u n d e r ta k e n  u s in g  a  doub le  c a n t i l e v e r  t e s t  specimen (4 6 ) ,
T h is  i s  a  s t a b l e  c ra c k  grow th t e s t ,  a l lo w in g  i n i t i a t i o n  to  be s tu d i e d .
M ois tu re  induced  f a i l u r e  was found to  o c c u r  a t  th e  r e s in / a d h e r e n d  boundary .
From f r a c t u r e  m echanics th e o ry ,  f a i l u r e  i s  p o s t u l a t e d  to  o c c u r  i n  a zone ,one  
o r  two m o le c u la r  l a y e r s  t h i c k .  Thus, i t  would a p p e a r  t h a t  w a te r  b re a k s  down 
th e  i n t e r f a c i a l  bond, a l lo w in g  a c c e s s  to  m o is tu re  s e n s i t i v e  components, 
such  a s  f i b r e  s u r f a c e s .
To improve m o is tu re  s t a b i l i t y ,  c a r e  sh o u ld  be ta k e n  to  p re v e n t  th e  
w a te r  r e a c h in g  th e  i n t e r f a c e .  F i la m e n ts  d i r e c t l y  exposed to  w a te r  ( e . g .  a t  
e d g es ,  i n t e r f a c i a l  v o id s  e tc ) ,  a r e  an  obv ious  drawback. Water d i f f u s i o n  th ro u g h  
r e s i n  and i n t e r f a c i a l  c r a c k s  can a l s o  cause  p rob lem s . When la m in a te s  a r e  
l a i d  up, p a r t i c u l a r l y  g l a s s  f a b r i c s ,  w e t t in g  i s  n ev e r  com p le te ,  and 
c y l i n d r i c a l  ro v in g  v o id s  form ( 5 . 3 . 1 ) .  These a l lo w  d i r e c t  a c c e s s  to  th e  
i n t e r f a c e  f o r  th e  i n g r e s s in g  m o is tu re ,  r e s u l t i n g  i n  debonding and f i b r e  
d e g ra d a t io n .
The improvement in  p r o p e r t i e s  d u r in g  immersion t h a t  r e s u l t s  from 
u s in g  s i l a n e  c o a t in g s ,  i s  a s  y e t  no t f u l l y  u n d e rs to o d .  For w a te r  to  reach
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th e  i n t e r f a c e ,  i t  must e i t h e r  d i f f u s e  th rough  th e  m a tr ix  o r  a lo n g  j n t e r f a c i a l  
c ra c k s  ( 38 ) .  From th e  chem ical bonding th e o ry ,  m o is tu re  d e g ra d a t io n  i s  
r e t a r d e d  by th e  need to  b reak  down th e s e  bonds b e fo re  i n t e r f a c i a l  b r e a k ­
down can o c c u r .  When debonding does i n i t i a t e ,  a t  e l e v a te d  te m p e ra tu re s ,
Ashbee and Wyatt (47) p o s tu la te  th a t i t  proceeds by an osm otic mechanism.
A p r e s s u r e  b u i l d  up a t  th e  i n t e r f a c e  o c c u r s ,  c a u s in g  bond r u p tu r e ,  which 
th e n  c r e a t e s  b u b b le s  o f  w a te r  a t  th e  i n t e r f a c e .  In  t im e ,  th e s e  c o a l e s c e ,  
c r e a t i n g  l a r g e  r e g io n s  o f  debonding . O th e r  mechanisms can be th e  g e n e r a t io n  
o f  th e rm a l  and sh r in k a g e  s t r e s s e s  a t  th e  i n t e r f a c e  a s  a  r e s u l t  o f  m a t r ix  
p l a s t i c i s a t i o n  (3 9 ) . Vaughan and  S an d e rs  ( ^ ) p r e d i c t  t h a t  debonding o c c u rs  
i n  th e  l a y e r  n e x t  to  th e  i n t e r f a c e ,  so t h a t  f i b r e s  a r e  s t i l l  p r o t e c t e d  by 
a l a y e r  o f  c o u p l in g  a g e n t .
A ll th ese  th e o r ie s  are based on chem ical bonding th eo ry , which has been  
shown to  be an o v e r s im p lif ic a t io n  (4 6 ) . I t  has been found th a t the  
p o ly e s te r  does not f u l ly  polym erise in  th e  in terp h a se  r e g io n . T his le a v e s  
a low d e n s ity  f ilm  around the f ib r e s  th a t can e a s i l y  be leach ed , le a v in g  
m oisture in  d ir e c t  con tact w ith  th e f ib r e  su r fa c e . S ila n e s  are thought to  
e i th e r  in cr ea se  the in terp h ase  d e n s ity  by chain  entanglem ent, or through the  
promotion o f  fu r th er  p o ly m er isa tio n . T his h igh  d e n s ity  la y e r  impedes m oisture  
d if fu s io n ,  but a t  e le v a te d  tem peratures cannot prevent i t .  Once water  
does p en etra te  to  th e in te r fa c e ,  s ilo x a n e  bond h y d r o ly s is  o ccu rs , weak­
ening the f ib r e /c o u p lin g  agent ad h esion . These p ro cesse s  are a l l  s t r e s s  
and tem perature dependent. Once the bond between f ib r e  and s i la n e  has 
been degraded, g la s s  weakening through s t r e s s  co rro sio n  can i n i t i a t e  (4 g ) .
There a r e  s t i l l  many unanswered q u e s t io n s  a s  to  how a  c o u p l in g  a g e n t  
p r o t e c t s  th e  g l a s s  f i l a m e n t s ,  e i t h e r  by a d h e s io n  p rom otion , o r  a s  a  m o is tu re  
b a r r i e r .  However, i t  can be seen  t h a t  s i l a n e s  impede, r a t h e r  th a n  p r e v e n t ,  
m o is tu re  d e g ra d a t io n .
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C H A P T E R  5 
COMPOSITES
5 .1  M anufacture o f  GRP
There a r e  a  whole range o f  te c h n iq u e s  a v a i l a b l e  f o r  th e  p ro d u c t io n  o f  GRP 
bu t i n  g e n e ra l  th e y  can be grouped under two main h ead in g s  ( 4 8 ) : -
( i )  Open mould system s
( i i )  C losed  mould system s 
The fo rm er te c h n iq u e s  were th e  f i r s t  to  be deve loped , and a r e  s t i l l  th e  
most w ide ly  u se d .  However, th e y  a r e  v e ry  la b o u r  i n t e n s i v e .  C losed  mould 
fo rm ing  ( c u r in g  i n  a h e a te d  p r e s s ) ,  i s  e a s i e r  to  au to m a te ,  b u t  i s  o n ly  
p r a c t i c a l  f o r  r e l a t i v e l y  sm a ll  components. S in ce  th e  m a t e r i a l s  u sed  i n  
t h i s  t h e s i s  were p roduced  by an  open mould p r o c e s s ,  t h i s  rev iew  w i l l  d e a l  
e x c l u s i v e l y  w ith  such  te c h n iq u e s .
5 . 1 .1  Open Btould system s
A ll  th e s e  p ro c e s s e s  r e l y  on th e  f a c t  t h a t  p o l y e s t e r  r e s i n s  w i l l  
p o ly m e r ise  i n  th e  absence  o f  h e a t  and p r e s s u r e .  Some o f  th e  p r i n c i p a l  
methods a r e : -
( i )  Hand la y -u p
( i i )  S pray-up
( i i i )  F ilam en t w inding  
Of t h e s e ,  th e  f i r s t  two a r e  by f a r  th e  most common. Spray -up  methods 
can o n ly  be used  f o r  chopped f i b r e  la m in a te s .  S in ce  th e  m a te r ia l  u sed  
in  t h i s  t h e s i s  was a  m ix tu re  o f  csm and woven ro v in g ,  la m in a te  s h e e t s  had 
to  be produced  by hand la y -u p  m ethods, a s  d e s c r ib e d  below.
5 . 1 .2  Hand la y -u p  o f  GRP
A f te r  p r e p a r in g  a mould and c o a t in g  i t  w ith  a r e l e a s e  a g e n t ,  
l i q u i d  r e s i n  i s  p a in te d  on to  th e  mould. I f  a g e l - c o a t  l a y e r  i s  r e q u i r e d
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on th e  component f a c e ,  t h i s  r e s i n  i s  a l low ed  to  g e l  b e fo re  la y in g  up 
p ro c e e d s .  T h is  l a y e r  can im p ar t  s u p e r i o r  chem ica l r e s i s t a n c e  to  th e  la m in a te .  
Ifeving done t h i s ,  a f u r t h e r  l a y e r  o f  r e s i n  i s  a p p l i e d ,  and th e  p re - s h a p e d
re in fo rc e m e n t  l a y e r  i s  p la c e d  i n  th e  mould. T h is  can be e i t h e r  csm o r  woven
ro v in g .
F ib re  w e t t in g  and c o n s o l i d a t i o n  o f  th e  la m in a te  i s  accom plished  
th ro u g h  th e  u s e  o f  a r o l l e r  o r  b ru s h .  To wet o u t  th e  csm, th e  r e s i n  i s
' s t i p p l e d *  i n t o  th e  mat w ith  a ny lo n  b r i s t l e d  b ru s h .  T h is  can in t r o d u c e  a i r
b u b b le s  i n t o  th e  r e s i n ,  c r e a t i n g  r e s i n  v o id s  ( 5 .3 * 1 ) , b u t  i t  does e n su re  com­
p l e t e  f i b r e  w e t t in g  o c c u r s .  C o n s o l id a t io n  i s  th e n  a c h ie v e d  by r o l l i n g .  This 
method i s  u n s u i t a b l e  f o r  f a b r i c s ,  s in c e  th e  f i b r e  o r i e n t a t i o n  would be 
d i s r u p t e d .  I n s t e a d ,  a s p l i t  w asher r o l l e r  i s  run  a lo n g  b o th  ro v in g  d i r ­
e c t i o n s ,  sq u e e z in g  l i q u i d  r e s i n  i n t o  th e  f i b r e  b u n d le s .  Incom plete  w e t t in g  
may r e s u l t ,  l e a v in g  c y l i n d r i c a l  v o id s  w i th in  th e  ro v in g s  (5 * 3 .1 . )*
F u r th e r  r e in fo rc e m e n t  l a y e r s  a r e  b u i l t  up to  a t t a i n  th e  d e s i r e d  t h i c k ­
n e s s ,  th e n  th e  component i s  c u re d .  In  some c a s e s ,  a  mould i s  p la c e d  on to p  
o f  th e  l a m in a te  d u r in g  c u re ,  b e in g  removed p r i o r  to  p o s t  c u r e .  T h is  
red u ces  t h i c k n e s s  v a r i a t i o n s ,  a s  w e ll  a s  removing some e n tra p p ed  a i r  by 
sq u eez in g  o u t  e x c e ss  r e s i n  ( ' l e a k y  mould' m ethod). To en su re  com plete  
m a tr ix  p o ly m e r i s a t i o n ,  cu red  components a r e  o f t e n  g iv e n  an  e l e v a te d  temp­
e r a t u r e  p o s t  c u r e .  T h is  re d u c e s  p r o p e r ty  changes t h a t  can  o c c u r  i n  t im e ,  
due to  a  g r a d u a l  in c r e a s e  i n  c r o s s - l i n k  d e n s i t y .
5 .2  M echanical p r o p e r t i e s  o f  GRP
One o f  th e  g r e a t  a d v a n ta g e s  (and d i s a d v a n ta g e s )  o f  co m p o s i te s ,  i s  
t h e i r  l a r g e  range  o f  p r o p e r t i e s .  By c o n t r o l l i n g  th e  com p o si t io n  and 
m anufac tu re  o f  a  l a m in a te ,  s p e c i f i c  m echan ica l b e h a v io u r  can be b u i l t  i n t o  
a co m p o si te .  However, p r o p e r t i e s  a r e  v e ry  s e n s i t i v e  to  l o c a l  c o n d i t io n  
changes ,  c a u s in g  m a te r i a l  v a r i a b i l i t y  ( 5 . 3 ) .  Some o f  th e  im p o r ta n t
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f a c t o r s  in f l u e n c in g  b eh av io u r  in c lu d e  ( 4 8 ) : -
( i )  M echanical p r o p e r t i e s  o f  th e  f i b r e  and m a tr ix
( i i )  F ib re  volume f r a c t i o n  (V^)
( i i i . )  Degree o f  i n t e r f a c i a l  ad h e s io n
( iv )  F ib re  c r o s s  s e c t i o n
(v) F ib re  o r i e n t a t i o n  
A ll th e s e  p a ra m e te rs  a r e  h ig h ly  v a r i a b l e ,  p a r t i c u l a r l y  a f f e c t i n g  th e  
p r o p e r t i e s  o f  low co m p o si te s .  The i n t e r r e l a t i o n s h i p s  e x i s t i n g  between 
th e s e  f a c t o r s  a r e  unknown, and consequen t v a r i a t i o n s  i n  s t r e n g t h  and 
s t i f f n e s s  have t o  be a l low ed  f o r  i n  d e s ig n  c a l c u l a t i o n s .  T h is  rev iew  
w i l l  p r e s e n t  a summary o f  g e n e ra l  la m in a te  p r o p e r t i e s ,  fo llow ed  by a  
s e c t i o n  o u t l i n i n g  th e  changes i n  b eh a v io u r  t h a t  o c c u r  when f a b r i c s  a r e  
used  a s  th e  r e in fo r c e m e n t .
5 * 2 .1  G enera l p r o p e r t i e s
K e lly  (4q ) has  grouped th e  m echan ica l re sp o n se  o f  a  la m in a te  under 
two main h e a d i n g s : -
( i )  Geometry dependent -  th e  geom etry  o f  component p h a s e s ,  and t h e i r  
r e s p e c t i v e  volume f r a c t i o n s  i n f l u e n c e  b e h a v io u r ,  r e g a r d l e s s  o f  
d im ens ions .
( i i )  Dimension dependent -  th e  s t r u c t u r e  o r  s i z e  o f  th e  components 
in f lu e n c e  b e h a v io u r .
The concep t o f  a  ' r u l e  o f  m ix tu r e s '  was a l s o  i n t r o d u c e d , i . e .  th e  e l a s t i c  
p r o p e r t i e s  o f  a f i b r e  com posite  f a l l  W ith in  l i m i t s  d e f in e d  by th e  s t r o n g ,  
s t i f f  f i b r e s ,  and th e  weak, co m plian t m a t r ix .
H a r r i s  ( 50) a l s o  c o n s id e r s  th e  p r e d i c t i o n  o f  m echan ica l p r o p e r t i e s .  
By c o n s id e r in g  a r r a y s  o f  w ell  bonded l a m e l la e ,  p o s s e s s in g  d i f f e r e n t  moduli 
bu t i d e n t i c a l  p o is s o n s  r a t i o ,  i n  a u n i d i r e c t i o n a l  la y -u p ,  s im ple  models f o r  
l o n g i t u d i n a l  and t r a n s v e r s e  p r o p e r t i e s  can  be developed  ( f i g u r e  5 - 1 ) .
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Ec = Em Vm + EfVf (VOIGT) - ( 5 . 1 )
À  ~ ^  ^  (REOSS) - ( 5 - 2 )
where Vf + Vm = 1 ( i . e .  z e ro  p o r o s i t y  a s s u m p tio n ) .  The V oigt e s t i m a t e  i s  
a p a r a l l e l  s p r in g  model w ith  s t r a i n  c o n t i n u i t y  a t  th e  i n t e r f a c e ,  w h ile  th e  
Reuse model i s  a  s e r i e s  a rrangem ent w ith  c o n t i n u i t y  o f  s t r e s s .  E q u a t io n
5 .1  i s  th e  m a th em a tica l  d e f i n i t i o n  o f  th e  r u l e  o f  m ix tu re s  most commonly 
employed. I t  p r e d i c t s ,  f a i r l y  s u c c e s s f u l l y ,  th e  l o n g i t u d i n a l  modulus o f  a 
u n i d i r e c t i o n a l  co m p o si te .  In  s h o r t  f i b r e  c o m p o s i te s ,  th e  modulus f a l l s  
between th e  V oig t and Reuss e s t im a te ,  and a c c u r a t e  p r e d i c t i o n s  a r e  no 
lo n g e r  o b ta in e d .  In  g e n e r a l ,  th e  r u l e  o f  m ix tu re s  does n o t  p r e d i c t  th e  
b e h a v io u r  o f  csm o r  woven ro v in g  r e in f o r c e d  c o m p o s i te s .  S in c e  most d e s ig n  
c r i t e r i a  r e q u i r e  re sp o n se  to  f a l l  w i th in  s t a t e d  s t r a i n  l i m i t s  (5 1 ) ,  i t  i s  
e s s e n t i a l  t o  e i t h e r  model b eh av io u r  more a c c u r a t e l y ,  o r  a p p ly  l a r g e  s a f e t y  
f a c t o r s  (15-20  a r e  common). The l a t t e r  r e p r e s e n t s  c u r r e n t  p r a c t i c e  and while 
some models have been developed  ( 5 . 4 ) , l i m i t e d  a c c u ra c y  has  r e t a r d e d  t h e i r  
g e n e r a l  a c c e p ta n c e  a s  d e s ig n  s t a n d a r d s .
O gork iew icz  (52) c a t e g o r i s e d  g l a s s / p o l y e s t e r  com posites  un d er  t h r e e  
main g r o u p in g s : -
( i )  Random f i b r e  e . g .  csm
( i i )  O rthogona l f i b r e  e . g .  woven ro v in g
( i i i )  U n i d i r e c t i o n a l  f i b r e
In  th e  f i r s t  c a s e ,  f i b r e s  a r e  s h o r t  and due t o  t h e i r  random o r i e n t ­
a t i o n ,  maximum Vç i s  l i m i t e d  to  50#. Most p r a c t i c a l  l a m in a te s  have g l a s s  
c o n te n t s  i n  th e  range  20-40#, and even f r a c t i o n s  a s  low a s  109é a r e  n o t  
unknown. Chopped s t r a n d  mats a l s o  e x h i b i t  a  l o c a l  v a r i a b i l i t y  o f  + IC^ 
in  th e  g l a s s  lo a d in g  a c ro s s  a mat w id th  a c c o rd in g  to  m a n u fa c tu r in g  
t o l e r a n c e s  ( 4.3 ) ,  c a u s in g  f u r t h e r  la m in a te  v a r i a b i l i t y .
O r th o g o n a l ly  r e in f o r c e d  la m in a te s  have a  more o r d e r ly  a r r a y  o f  
c o n t in u o u s  ro v in g s ,  and th e  Vp can be pushed up to  65# ,  though a g a in  low er
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v a lu e s  a r e  found in  p r a c t i c e .  With woven f a b r i c  la m in a te s  s e v e r a l  p l i e s  t h i c k ,  
th e  u n d u la t in g  la m e l la  s u r f a c e  p re v e n t s  c lo s e  p ack in g ,  and r e s i n  r i c h  re g io n s  
a r e  formed between th e  re in fo rc e m e n t  l a y e r s ,  d e p re s s in g  th e  maximum V v a lu e .
F i n a l l y ,  f o r  u n i d i r e c t i o n a l  com posites ,  pack ing  d e n s i t y  i n c r e a s e s  due to  
th e  r e g u l a r i t y  o f  th e  f i l a m e n t  a r r a y ,  and g l a s s  c o n te n t s  in  ex c e ss  o f  70^ 
can  be a c h ie v e d .  V a r ia t io n s  i n  l o c a l  Vp a r e  a l s o  m inimised i n  th e s e  f i b r e  
dom inated la m in a te s ,  which can be reg a rd ed  more a s  r e s i n  bonded f i l a m e n t  bund les  
th a n  f i b r e  r e in f o r c e d  r e s i n s .  They have th e  h ig h e s t  s p e c i f i c  p r o p e r t i e s  ( i n  
th e  l o n g i t u d i n a l  d i r e c t i o n )  o f  any i n d u s t r i a l  m a t e r i a l .
A ll  3 g ro u p in g s  fo l lo w  th e  same g e n e ra l  p r o p e r ty  t r e n d s  ( f i g u r e  5 . 2 ) ,  i . e .  
s t r e n g t h  and s t i f f n e s s  in c r e a s e  a s  a f u n c t io n  o f  i n c r e a s in g  g l a s s  c o n te n t .  
However, im p o r ta n t  d i f f e r e n c e s  a l s o  a r i s e  a s  a  r e s u l t  o f  chang ing  th e  degree  
o f  p r o p e r ty  a n i s o t r o p y .  Random f i b r e  com posites  can be re g a rd e d  a s  i s o t r o p i c ,  
b u t  a s  soon a s  a l ig n e d  f i b r e s  a r e  in t ro d u c e d ,  ro v in g  o r i e n t a t i o n  e f f e c t s  
induce  a n i s o t r o p y .  With o r th o g o n a l  l a m in a te s ,  s t i f f n e s s  i s  maximised in
th e  f i b r e  (0/ 90° )  d i r e c t i o n s .  Ho%rever, when f a b r i c s  a r e  lo a d e d  i n  one f i b r e  
d i r e c t i o n ,  h ig h  i n t e r f a c i a l  s t r e s s e s  a r e  c r e a te d  in  th e  o t h e r ,  p ro d u c in g  
t r a n s v e r s e  c ra c k  damage. O r th o t ro p ic  l a m in a te s  th u s  have low t r a n s v e r s e  
s t r e n g t h .  The o n s e t  o f  c ra c k in g  has been  shown by G a r r e t t  and B a i le y  (55) 
to  o c c u r  a t  a b o u t 0 .4 #  s t r a i n ,  d e te c te d  a s  a kneee i n  th e  s t r e s s / s t r a i n  cu rv e .  
S in ce  f a b r i c  la m in a te s  have f a i l u r e  s t r a i n s  o f  around 2 .5 # ,  i t  can  be seen  
t h a t  most loaded  woven ro v in g  com posites  w i l l  c o n ta in  t r a n s v e r s e  c r a c k s ,  lo w er in g  
th e  en v iro n m en ta l  r e s i s t a n c e .
U n id i r e c t io n a l  com posites  a r e  a l s o  o r th o t r o p ic  i n  th e  f i b r e  p la n e s ,  
though th e y  e x h i b i t  t r a n s v e r s e  i s o t r o p y .  W ith in  each  p ly ,  modulus can  v a ry  
by up to  3 t im es  from th e  t r a n s v e r s e  to  l o n g i t u d i n a l  d i r e c t i o n s .  These 
m a t e r i a l s  a r e  o n ly  c o n s id e re d  to  be lo a d  b e a r in g  in  th e  f i b r e  d i r e c t i o n .
O gorkiew icz (52) showed t h a t ,  w i th in  a sm all  s t r a i n  ra n g e ,  GRP behaves  
a s  a l i n e a r  e l a s t i c  body, p a r t i c u l a r l y  a t  h ig h  Vp . T h is  has  l e d  to  th e
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developm ent o f  f a i l u r e  models based  on l i n e a r  e l a s t i c  f r a c t u r e  m echanics 
( 5 - 4 ) .  O ther  models, such a s  C l a s s i c a l  Laminated P l a t e  Theory, have been 
d eve loped , and w i l l  be d is c u s s e d  in  5 -4 .
To conc lude ,  c o n s id e r a t io n  sh o u ld  be g iven  to  com posites  c o n ta in in g  
mixed re in fo rc e m e n t ,  a s  used  i n  t h i s  t h e s i s .  M ix tu res  o f  csm ( f o r  i t s  
en v iro n m en ta l  r e s i s t a n c e ) ,  and woven ro v in g  ( s u p e r io r  load  b e a r in g  p ro p ­
e r t i e s  ), g l a s s  re in fo rc e m e n ts  a r e  commonly u sed .  The p r o p e r t i e s  o f  such  
m a t e r i a l s  depend on th e  p ly  b e h a v io u r ,  and th e  p ro p o r t i o n s  o f  each r e i n f o r c e  
ment p r e s e n t ,  a s  shown by Johnson (5.^)- In  g e n e r a l ,  s t r e n g t h  and s t i f f n e s s  
i n c r e a s e  w i th  i n c r e a s in g  f a b r i c  c o n te n t ,  though no s i g n i f i c a n t  in c r e a s e  i n  
p r o p e r t i e s  i s  found u n t i l  th e  f a b r i c  r e p r e s e n t s  50#  o f  th e  t o t a l  g l a s s  
lo a d in g  ( f i g u r e  5 -3 ) -
5 - 2 .2  Woven ro v in g  com posites
G lass  f a b r i c  r e in f o r c e d  la m in a te s  have been w id e ly  u sed  f o r  many 
y e a r s ,  due m ain ly  to  t h e i r  e ase  o f  h a n d l in g  when l a y in g  up . S e v e ra l  ty p e s  
o f  f a b r i c  a r e  used  ( 2 . 3 ) ,  b u t  t h i s  rev iew  w i l l  c o n c e n t r a te  on th e  most 
w ide ly  u sed  m a te r i a l ;  p l a i n  weave, s in c e  t h i s  was th e  re in fo rc e m e n t  
used  i n  t h i s  t h e s i s .
Woven g la s s  la m in a te s  have many p r o p e r t i e s  i n  common w ith  o r th o g o n a l  
p l i e d  la m in a te s ,  d i f f e r i n g  i n  j u s t  one v i t a l  r e s p e c t ;  i n  f a b r i c s ,  th e  r e i n ­
f o r c in g  ro v in g s  a r e  b en t  a s  a  consequence o f  w eaving. F ib re  crimp i s  most 
s e v e re  in  p l a i n  weave f a b r i c s ,  l e a d i n g  to  a s i g n i f i c a n t  r e d u c t io n  in  
re in fo rc e m e n t  e f f i c i e n c y  ( l 8 ) .  The u n d u la t in g  f a b r i c  p ly  s u r f a c e  a l s o  
p r e v e n t s  c lo se  p ack ing  o f  th e  r e in fo rc e m e n t  l a y e r s ,  p ro d u c in g  i n t e r p l y  r e s i n  
r i c h  r e g io n s ,  and re d u c in g  Vf . F u rthe rm ore ,  'b e n d in g  a t  ro v in g  c r o s s ­
o v e r s  in d u c es  l o c a l  f i b r e  s t r e s s  p e r t u r b a t i o n s  (2 0 ) ,  which can  have a 
d ram a tic  in f lu e n c e  on th e  com posite  perform ance when u n d e r  lo a d .
While p l a i n  weave f a b r i c s  a r e  n o m in a lly  b a la n c e d ,  s l i g h t l y  h ig h e r
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g l a s s  lo a d in g s  a r e  no rm ally  used i n  th e  warp d i r e c t i o n  ( g e n e r a l ly ,  a  r a t i o  
o f  5 /4  i s  s t a t e d ) ,  to  ac h ie v e  h ig h e r  loom p ro d u c t io n  l e v e l s .  Crimp i s  a l s o  
l e s s  s e v e re  in  t h i s  f i b r e  o r i e n t a t i o n  and th e  two f a c t o r s  combine to  g iv e  
h ig h e r  s t r e n g t h  in^^the warp d i r e c t i o n .  White (5?) found t h a t ,  i n  a t y p i c a l  
e l e c t r i c a l  board  m a t e r i a l ( g l ^ s s  f a b r i c / e p o x y ) ,  th e  g l a s s  lo a d in g  was 20# 
h ig h e r  i n  th e  warp ro v in g s ,  i n c r e a s i n g  th e  modulus by 28#  in  t h i s  d i r e c t i o n .
The s t r e s s  p e r t u r b a t i o n s  found in  f a b r i c  la m in a te s  have been examined in  
some d e t a i l  ( 2 0 ) .  Woven la m in a te s  a r e  v e ry  s u s c e p t i b l e  to  t r a n s v e r s e  
c r a c k in g  a t  low s t r a i n s .  U n t i l  c ra c k in g  i n i t i a t e s ,  s h o r t  terra b e h a v io u r  i s  
l i n e a r  e l a s t i c ,  and th e  tendency  o f  lo a d  b e a r in g  f i b r e s  to  s t r a i g h t e n  u nder  
lo a d  i s  c o n s t r a i n e d  by th e  t r a n s v e r s e  r o v in g s .  Once c ra c k in g  o c c u r s ,  
t r a n s v e r s e  r o v in g s  can move, so th e  r e s t r a i n t  on f i b r e  s t r a i g h t e n i n g  i s  
red u ce d ,  c a u s in g  a  modulus d rop , observed  a s  a  knee i n  th e  l o a d / d e f l e c t i o n  
c u rv e .  The s t r e s s  f i e l d s  w i th in  loaded  f a b r i c s  a r e  h ig h ly  complex, and  n o t  
f u l l y  u n d e r s to o d ,  and no a t te m p t  w i l l  be made w i th in  t h i s  t h e s i s  to  
p ro v id e  an  a n a l y t i c a l  model. I t  i s  s u f f i c i e n t  t o  b e a r  i n  mind t h a t  th e  
s t r e s s e s  a lo n g  a  woven f i l a m e n t  v a ry  g r e a t l y ,  depending  on th e  r e l a t i v e  
p o s i t i o n  w i th in  th e  f a b r i c  a  c e n t r a l  p o in t  i n  th e  d i s c u s s io n  p r e s e n te d  i n  
P a r t  I I I .
S i e b e r t  (56) looked a t  th e  problem  o f  th e  i n - s e r v i c e  d e la m in a t io n  o f  
f a b r i c  c o m p o s i te s ,  common i n  th e  chem ica l i n d u s t r y .  To p re v e n t  t h i s  
damage, i t  was c o n s id e re d  e s s e n t i a l  t o  e n su re  t o t a l  f i b r e  w e t t in g  d u r in g  
m a n u fa c tu re .  T h is  i s  a n o th e r  problem common to  woven ro v in g  c o m p o s i te s .
In  a f a b r i c ,  th e  f i l a m e n t s  a r e  t i g h t l y  bound in  ro v in g s ,  making i t  d i f f i c u l t  
f o r  th e  r e s i n  to  p e n e t r a t e  th e  f i b r e  b u n d le s .  Thas, i n  th e  c e n t r a l  r e g io n s  
o f  r o v in g s ,  and w i th in  weave c r o s s - o v e r  p o i n t s ,  f i b r e  debonds, i n  th e  
form o f  v o id s ,  a r e  p r e s e n t  ( 5 - 3 . 1 . )  T h is  i s  p a r t i c u l a r l y  d e l e t e r i o u s  to  
f l e x u r a l  p r o p e r t i e s ,  where h igh  i n t e r f a c i a l  s h e a r  s t r e s s e s  a r e  g e n e ra te d .
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Downey (51) shows t h a t  a l t e r i n g  th e  weave d e n s i t y  can improve th e  
la m in a te  p r o p e r t i e s ,by a l lo w in g  f o r  h ig h e r  d e g re e s  o f  f i b r e  w e t t in g  and 
e n c a p s u la t i o n .  Problems o f  d e la m in a t io n  were a l s o  a t t r i b u t e d  to  f i b r e  
s t r a i g h t e n i n g  e f f e c t s ,  and i t  was found t h a t  by re d u c in g  f a b r i c  c rim p, 
d e la m in a t io n  cou ld  be a v o id e d .  However, i t  w i l l  be shown t h a t ,  even when 
lo o s e  weave f a b r i c s  a r e  u sed ,  com plete  w e t t in g  does n o t  o c c u r  ( P a r t  I I I ) ,  
and a i r  v o id s  a r e  alw ays t r a p p e d  in  th e  woven ro v in g s  ( 5 - 3 .1 ) .
5 -3  Composite property  v a r ia b i l i t y
One o f  th e  m ajor problem s a s s o c i a t e d  w ith  t e s t i n g  com posite  m a t e r i a l s ,  
i s  th e  h r g e  v a r i a t i o n  found in  supp o sed ly  i d e n t i c a l  sam ples ,  under  th e  same 
lo a d in g  c o n d i t i o n s .  I t  i s  im p o ss ib le  to  e l im i n a t e  t h i s  v a r i a b i l i t y ,  due 
to  th e  l a r g e  number o f  i n t e r r e l a t e d  f a c t o r s  t h a t  c o n t r i b u t e  to  i t ,  e . g .
( i )  F ilam en t s t r e n g t h
( i i )  Time dependent n a tu r e  o f  f i b r e  s t r e n g t h
( i i i )  F ib re  volume f r a c t i o n
( iv )  F ib re  a l ig n m en t
(v) I n t e r f a c i a l  bond s t r e n g t h
( v i )  P o r o s i ty  
( v i i )  M atr ix  com posi tion  
( v i i i )  M atr ix  p r o p e r t i e s
( ix )  Time dependence o f  r e s i n  p r o p e r t i e s
G lass  f i b r e  s t r e n g t h  i s  h ig h ly  f law  s e n s i t i v e  ( l 4 ) ,  and v a r i e s  
a c c o rd in g  to  a  W eibull d i s t r i b u t i o n .  In  g e n e r a l ,  th e  lo n g e r  th e  f i l a m e n t  
th e  low er i t s  s t r e n g t h  ( in c r e a s e d  p r o b a b i l i t y  o f  a  s e v e re  f law  be ing  
p r e s e n t ) .  F ib re  s t r e n g t h  can be de te rm ined  from th e  f i l a m e n t  f r a c t u r e  
s u r f a c e  (5 6), a l lo w in g  s t r e n g t h  d i s t r i b u t i o n s  to  be c a l c u l a t e d .  With 
woven f a b r i c s ,  t h i s  i s  no t p r a c t i c a b l e ,  s in c e  s t r e s s e s  v a ry  a lo n g  a  f i b r e  
(2 0 ) ,  making th e  c r i t i c a l  flaw  s i z e  a f u n c t io n  o f  i t s  p o s i t i o n  on th e  
f i la m e n t  s u r f a c e .
O ther  f a c t o r s  can induce s t r e s s  c o n c e n t r a t i o n s  w i th in  a la m in a te .
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such as  f i b r e  m isa lig n m en t,  l o c a l  v a r i a t i o n s  in  Vf , and p o r o s i t y ,  l e a d in g  
to  p ro p e r ty  v a r i a t i o n s .  Desvaux and Greenwood (5 9; d i s c u s s  some o f  th e  methods 
used to  a l lo w  f o r  d a ta  sp re a d  in  the  a n a l y s i s  o f  com posite  p r o p e r t i e s .
However, th e  i n d i v id u a l  c o n t r i b u t i o n  o f  each f a c t o r  can be i s o l a t e d  and 
s tu d ie d ,  due to  th e  l a r g e  in f lu e n c e  th e y  have on m echanica l r e s p o n s e .  These 
in c lu d e  p o r o s i t y  and s t r a i n  e f f e c t s ,  bo th  o f  which a r e  d i s c u s s e d  below.
5 . 3 . 1# Voids i n  com posites
I t  i s  im p o ss ib le  to  p re v e n t  vo id  fo rm a t io n  in  com posi tes  though , 
i n  h ig h  perform ance la m in a t e s ,  p o r o s i t y  i s  m inim al. I t  r e s u l t s  from a  number 
o f  s o u rc e s ,  such a s  a i r  en trappm ent on la y -u p ,  e v o lu t io n  o f  v o l a t i l e s  
( e . g .  s t y r e n e )  on c u re ,  in a d e q u a te  f i l a m e n t  w e t t in g  e t c .  M easures can be 
ta k e n  to  reduce  p o r o s i t y  l e v e l s ,  such  a s  vacuum d e g a s s in g .  In  low g l a s s  
c o n te n t  la m in a te s  (around  30^ ) , Guch a s  csm o r  woven ro v in g  m a t e r i a l s ,  
p o r o s i t y  l e v e l s  o f  up to  a r e  common i n  commercial GRP ( 6 0 ) .
Judd and Wright ( 60 ) d i s c u s s  th e  ty p e s  o f  vo id  found , how th e y  form, 
te c h n iq u e s  f o r  d e te rm in in g  p o re  c o n te n t ,  and th e  e f f e c t  th e y  have on 
p r o p e r t i e s .  Two vo id  ty p e s  have been i d e n t i f i e d
( i )  C y l i n d r i c a l  i n t r a - r o v i n g  p o re s  (w i th in  f i l a m e n t  b u n d le s )
( i i )  S p h e r i c a l  r e s i n  v o id s  (w i th in  r e s i n  r i c h  m a tr ix  r e g io n s )
The form er come a b o u t th ro u g h  incom ple te  r e s i n  p e n e t r a t i o n  i n t o  th e  ro v in g s  
a s  a r e s u l t  o f  f i l a m e n t  p ack in g ,  po o r  w e t t a b i l i t y ,  and r e s i n  v i s c o s i t y .  These 
vo id s  a r e  a l ig n e d  w ith  th e  f i b r e s ,  c r e a t i n g  an i n t e r f a c i a l  a i r  gap.
These a r e  th e  h a r d e s t  to  e l im i n a t e ,  and th e  most d e t r im e n ta l  to  th e  
com posite  p r o p e r t i e s .  S p h e r i c a l  r e s i n  p o re s  o c c u r  a s  a r e s u l t  o f  a i r  
en trappm ent,  o r  v o l a t i l e  c o n s t i t u e n t  e v o l u t io n ,  on c u r in g .  They a c t  a s  l o c a l  
s t r e s s  r a i s e r s ,  in d u c in g  m a tr ix  c ra c k in g  on lo a d in g .  C a re fu l  d e g a s s in g  
and la y in g -u p  can m inim ise  th e  numbers o f  th e s e  d e f e c t s  i n  th e  m a t r ix .
S e v e ra l  methods o f  d e te rm in in g  p o re  d e n s i t y  a r e  o u t l i n e d  (6 0 ) ,  b u t  
s in c e  they  a r e  a l l  a c c u r a t e  to  + 0 .5 # ,  th e  s im p le s t  te c h n iq u e  i s  u s u a l l y
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u sed .  In  t h i s  method, a p o l i s h e d  s e c t i o n  from a com posite  i s  p re p a re d  and 
exam ined ,u s ing  a  m icroscope  equipped w ith  a g ra d u a te d  eye p ie c e .  A p o re  
count i s  th e n  ta k e n  w i th in  a known s u r f a c e  a r e a ,  and th e  void  c o n te n t  
c a l c u l a t e d  f ro m :-
VOID CONTENT (# )  = 100 Pv - ( 5 . 3 )
P t
where Pv i s  th e  t o t a l  v o id ,a n d  P t  th e  o v e r a l l ,  c r o s s  s e c t i o n  examined.
T h is  te ch n iq u e  a l s o  g iv e s  in fo rm a t io n  on th e  shape and lo c a t i o n  o f  v o id s  
w i th in  a  co m p o si te .
M echanical p r o p e r t i e s  have been shown to  be h ig h ly  vo id  s e n s i t i v e ,  
up to  a l e v e l  o f  4# p o r o s i t y  ( 60),  w ith  a 7% d e c r e a s e  i n  i n t e r l a m i n a r  
s t r e n g t h  o c c u r r in g  f o r  ev e ry  1# in c r e a s e  i n  p o r o s i t y  up to  t h i s  maximum. 
S t r e n g th  lo s s  i s  p ro b a b ly  due to  th e  fo rm a t io n  o f  ro v in g  v o id s .  Above th e  
4# p o r o s i ty  l e v e l ,  f u r t h e r  i n c r e a s e s  a r e  due to  r e s i n ,  r a t h e r  th a n  ro v in g ,  
v o id  fo rm a t io n  which would e x p la in  th e  l i m i t  found. From an i n d u s t r i a l  
v ie w p o in t ,  r a t h e r  th a n  t a k in g  c o s t l y  p r e c a u t io n s  t o  reduce  p o r o s i t y  l e v e l s ,  
i t  may be p r e f e r a b l e  to  encourage vo id  fo rm a t io n .  T h is  would improve 
th e  p r o p e r ty  r e p r o d u c i b i l i t y ,  a t  t h e  expense o f  h ig h  s t r e n g t h .  T h is  i s  o n ly  
t r u e  where an  a g g r e s s iv e  env ironm ent i s  a b s e n t .
Both Bascom (46) and Chamis (3 6 )  d i s c u s s  th e  d e g ra d a t io n  t h a t  
o c c u rs  i n  w a te r  a s  a  r e s u l t  o f  p o r o s i t y .  I n t e r f a c i a l  v o id s  a r e  damaging 
f o r  two r e a s o n s .  F i r s t l y ,  i n  o r th o g o n a l  la m in a te s ,  p o re s  ly i n g  p a r a l l e l  
to  th e  t r a n s v e r s e  ro v in g s  a c t  a s  c ra c k  i n i t i a t o r s ,  f u r t h e r  red u c in g  th e  
s t r a i n  l e v e l  r e q u i r e d  to  i n i t i a t e  c ra c k in g  p e r p e n d ic u la r  to  th e  a p p l i e d  
lo a d .  T h is  damage can th e n  a l lo w  r a p id  m o is tu re  p e n e t r a t i o n  by c a p i l l a r y  
flow a lo n g  th e s e  t r a n s v e r s e  c ra c k s  ( 1 4 .2 ) .  S econd ly ,  th e y  a c t  a s  c o l l e c t i o n  
p o in t s  f o r  i n g r e s s i n g  m o is tu re ,  a l lo w in g  f i b r e  d e g ra d a t io n  to  p ro cee d ,  a s  
s t a t e d  by Hancox ( 6 ^ ) .
I t  i s  th e  en v iro n m e n ta l  consequences  a s s o c i a t e d  w ith  v o id s  t h a t  
a r e  th e  most r e l e v a n t  to  long  terra GRP p r o p e r t i e s ,  though t h e i r  in f lu e n c e  on
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s t r e n g th  may be one o f  th e  f a c to r s  c a u s in g  th e  la rg e  s c a t t e r  commonly found 
in  s t r e s s - r u p tu r e  d a ta  ( 5 ) .
5 . 3 .2  S t r a i n  r a t e  e f f e c t s
The tim e dependent n a tu re  o f  g la s s  f i b r e  s t r e n g th  has a l r e a d y  been
d is c u s s e d  ( 2 .7 ) ,  and t h i s  s e c t io n  w i l l  m ere ly  h ig h l ig h t  th e  e f f e c t  t h a t  t h i s
has on th e  b eh av io u r o f  GRP. I t  sh o u ld  a l s o  be n o te d  th a t  e f f e c t s  due to
m a tr ix  v i s c o e l a s t i c i t y  w i l l  a l t e r  th e  tim e dependen t p r o p e r t i e s  o f
co m p o site s , b u t t h i s  w i l l  be d is c u s s e d  l a t e r  ( 7 .1 ) .
Sims and Gladman (6 2 ) have shown t h a t ,  f o r  f in e  weave g la s s  f a b r i c /
epoxy co m p o site s , th e  U .T .S . can  be in c re a s e d  by 30# on r a i s i n g  th e  lo a d in g  
2 6r a t e  from 10 to  10 N/s ( f ig u r e  5 .4 ) .  They a l s o  show t h a t  r a t e  e f f e c t s  o n ly  
o ccu r in  g la s s  f ib r e  c o m p o site s , c o n c lu d in g  t h a t  a t  th e  t e s t  speeds u sed , 
r a t e  dependence was a fu n c tio n  o f  th e  f i la m e n t p r o p e r t i e s .  In  d isc o n tin u o u s  
f ib r e  co m p o site s , m a tr ix  s h e a r  lo a d  t r a n s f e r  • o c c u rs ,  and i t  was th o u g h t 
th a t  r e s in  r a t e  e f f e c t s  may be s i g n i f i c a n t .  In c re a s e s  in  s t r e n g th  a t  h ig h  
speeds have been  e x p la in e d  in  te rm s o f  f i b r e  s t r e s s  c o r ro s io n  ( 2 .7 ) .  In  
p r in c i p l e ,  th e  f a s t e r  th e  t e s t  r a t e ,  th e  s h o r t e r  i s  th e  tim e  a v a i la b le  f o r  
flaw  grow th , and th e  h ig h e r  th e  s t r e n g th .
Thomas ( 6^ , 64 ) has s tu d ie d  th e  f a c to r s  a f f e c t i n g  g la s s  f i b r e  com posite  
s t r e n g th ,  and he has shown t h a t  a t  h ig h  s t r a i n  r a t e s ,  s t r e n g th  becomes 
in d ep en d en t o f  th e  m a tr ix  p r o p e r t i e s .  At low r a t e s ,  b e h a v io u r i s  h ig h ly  
m a tr ix  s e n s i t i v e .  I t  has been shown th a t  th e  s t r e n g th  o f  a  g la s s  s t r a n d  
depends on th e  f ib r e  le n g th  and s t r a i n  r a t e .  When e n c a p su la te d  in  a 
m a tr ix , le n g th  e f f e c t s  become l e s s  s i g n i f i c a n t  due to  lo a d  t r a n s f e r  * betw een 
f i b r e s .  At low s t r a i n  r a t e s ,  f ib r e  p u l l - o u t  o c c u rs ,  and th e  U .T .S . depends 
on m a tr ix  r e s i s ta n c e  to  debond ing . When s o f t  waxes a r e  u se d , s t r e n g th  
f a l l s  to  th e  l e v e l  found f o r  u n loaded  b u n d le s  (6 3 ) .  S t r a i n  r a t e  dependence 
i s  l im ite d  in  E -g la s s  f ib r e s  ( r e f l e c t i n g  t h e i r  c o r ro s io n  r e s i s t a n t  n a tu re )  a t
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norm al t e s t  sp e e d s , a 7# f a l l  in  U .T .S . b e in g  found on re d u c in g  th e  lo a d in g  
r a t e  from 1 0 -0 .Imnv/mm/min., when t e s t e d  in  a p o ly e s te r  m a tr ix  ( c f .  E - g la s s /  
beeswax system , where a 50# f a l l  was r e c o rd e d ) .  In a su b seq u en t p ap e r (6 4 ) , 
i t  was shown t h a t ,  fo r  E - g la s s /p o ly e s te r  sy stem s, r a t e  e f f e c t s  were i n s i g n i f i c a n t  
when compared to  th e  e f f e c t s  due to  in co m p le te  f ib r e  w e tt in g . I t  was f e l t  
th a t  i n t e r f a c i a l  bonding was th e  m ajor s t r e n g th  g o v ern in g  p a ra m e te r  in  th e se  
m a te r ia l s ,  w ith  s t r a i n  r a t e  hav ing  a seco n d ary  in f lu e n c e  on p r o p e r t i e s .
In  c o n c lu s io n , a t  h ig h  s t r a i n  r a t e s ,  i t  would a p p e a r  t h a t  f i la m e n t 
p r o p e r t i e s  govern  th e  com posite  b e h a v io u r , w h ile  a t  low er sp e e d s , r e s in  and 
i n t e r f a c i a l  e f f e c t s  become s i g n i f i c a n t  ( 15 . 2 )
5 .4  Com posite f a i l u r e  m odels
The la r g e  deg ree  o f  a n is o tro p y  p re s e n t  in  co m p o sites  c a u se s  problem s in  
th e  p r e d ic t io n  o f  s t r e s s  f i e l d s ,  and f a i l u r e  s t r e n g th .  Many m odels have 
been d e r iv e d  f o r  i s o t r o p i c  m a te r ia ls ,  such  a s  m e ta ls  (6 5 ) ,  and a  s im i la r  
re q u ire m en t now e x i s t s  f o r  co m p o site s . Owen (6$ ) has p roduced  a  m a th em a tica l 
model to  p r e d ic t  th e  b i a x i a l  s t r e s s e s  p r e s e n t  in  many p r a c t i c a l  co m posites  
from a  s e r i e s  o f  t e n s i l e  t e s t s .  However, i t  was in a d e q u a te , in  t h a t  no 
a tte m p t was made to  model how one f a i l u r e  mechanism co u ld  a f f e c t  th e  o p e ra t io n  
o f  o th e r s  ( e .g .  does d é la m in a tio n  encourage c rac k  grow th?). I t  was shown 
by Owen and R ice (6  ^  from t e s t s  on E - g l a s s /p o ly e s te r  l a m in a te s , th a t  
in te rd e p e n d e n c e  betw een f a i l u r e  modes does e x i s t .  T h is  h ig h l ig h te d  th e  
in a d e q u a c ie s  o f  e x i s t i n g  f a i l u r e  c r i t e r i a ,  such  a s  von M ises, d e r iv e d  f o r  
i s o t r o p i c  b o d ie s .
The work m entioned  above depends on th e  a b i l i t y  to  f i t  t e s t  d a ta  to  
a m a th em atica l m odel, and a need now e x i s t s  to  d evelop  m odels t h a t  p r e d ic t  
la m in a te  b e h a v io u r  from a knowledge o f  th e  p ly  p r o p e r t i e s ,  and s ta c k in g  
sequence . Two m odels have been ta k e n  from th e  rea lm s o f  m a th em a tica l 
th e o ry . These a r e  C la s s ic a l  la m in a ted  P la te  Theory from th e  f i e l d  o f  
l i n e a r  e l a s t i c  s t r e s s  a n a ly s i s ,  and C h a in -o f-B u n d les  Theory from s t a t i s t i c s .
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These w i l l  be d is c u s se d  below , a lo n g  w ith  an approach  based on l i n e a r  e l a s t i c  
f r a c tu r e  m echanics (LEFM),
5 . 4 .1  C la s s ic a l  Lam inated P la te  Theory
When m o d e llin g  th e  b e h a v io u r o f  common e n g in e e r in g  m a te r ia l s ,  th e y
a re  assum ed to  be homogeneous, and any m ic ro h e te ro g e n e ity  i s  ig n o re d . They
a re  a l s o  assumed to  be i s o t r o p i c ,  and sim p le  e x p re s s io n s ,  such  a s  Hookes law ,
can be used  to  e s t im a te  th e  m echan ica l b e h a v io u r . F ib re  c o m p o site s , how ever ,
a r e  n o t so s im p le  to  d e a l w ith . The p r o p e r t i e s  o f  a l ig n e d  f i b r e  co m p o site s
a re  o r th o t r o p ic .  By assum ing th a t  in d iv id u a l  p l i e s  a r e  homogeneous
(n o t s t r i c t l y  t r u e ) ,  th e  p r o p e r t i e s  o f  a c o m p o s ite  can be c a lc u la te d  from
a knowledge cf th e  c o n s t i tu e n t  la m e lla  b e h a v io u r and o r i e n t a t i o n .  To
acco m p lish  t h i s ,  a n i s o t r o p ic  e l a s t i c i t y  th e o ry  i s  em ployed, r e q u i r in g  a
la rg e  d eg ree  o f  m a tr ix  a lg e b ra .  T h is  s e c t io n  w i l l  m ere ly  sum m arise th e
d e r iv a t io n  o f  la m in a te  p l a t e  th e o ry .  A r ig o ro u s  a n a ly s i s  and p ro o f  i s
g iv e n  by Jonœ  (6 7 ) .
The s t a r t i n g  p o in t  i s  to  d e te rm in e  th e  p r o p e r t i e s  o f  a u n id i r e c t i o n a l
p ly  by u se  o f  th e  f u l l ,  th r e e  d im en sio n a l Hookes Law ( q) : -  
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<Ji = X; C ij  Cj  i , j = 0 t ° 6  - ( 5 .4 )
where Oi a re  th e  s t r e s s ,  and £5 th e  s t r a i n ,  com ponents, and C ij  th e  
s t i f f n e s s  m a tr ix  ( f ig u r e  5*5)• T h is  e q u a tio n  g iv e s  6 e x p re s s io n s  r e l a t i n g  
s t r e s s  to  s t r a i n ,  e . g . :
1 " ^11 ^11 * ^12 ^2 * S 3  ^3 *'14 ^23 * S 5  ^31 ^16 ^12
- ( 5 . 5 )
The in d iv id u a l  e x p re s s io n s  a re  s t m i ^ h t  fo rw ard , b u t u se  o f  a  com puter i s  
re q u ire d  to  a n a ly se  th e  re sp o n se  o f  r e a l  co m p o site s .
I t  i s  more u su a l to  r e l a t e  s t r a i n s  to  s t r e s s e s ,  and a c o rre sp o n d in g  




- (5 .6 )
where S ii i s  th e  com pliance m a tr ix .  By assum ing  each  p ly  to  be o r th o ­
t r o p ic  and th in ,  p la n e  s t r e s s  c o n d i t io n s  can be a p p l ie d ,  s im p lify in g  th e  
e x p re s s io n  o f  Hookes law  ( 5 0 ) : -
- ( 5 . 7 )
^^33 . T ra n s fo r
a t io n  o f  t h i s  te n s o r  th e n  g iv e s  an  e x p re s s io n  f o r  th e  e l a s t i c  modulus a s  a 
fu n c tio n  o f  o r i e n t a t i o n .
1
'C l l ' " S l l  S i ,  0 - ‘̂ l i
^33 = S12 s „  0 ""33
/ l 3_ 0 0 S55 °13
where = 1 /^ 11 ,333  ='  1/^ 33» ^66 "  ^13
-  V
= 31
0 '33 l l % ■ sin^B  006^0 - ( 5 . 8 )
From th e s e  e x p re s s io n s  f o r  p ly  b e h a v io u r , la m in a te  th e o ry  can be u sed  to  
sum th e  s t i f f n e s s  c o n t r ib u t io n s  o f  th e  la m e lla e  p r e s e n t  in  a p r a c t i c a l  
com posite  (6 7 ) .
Having developed  a  th e o ry  f o r  p r e d ic t in g  s t r e s s  l e v e l s ,  a whole 
h o s t o f  f a i l u r e  m odels ( e .g .  T s a i ,  S to w e ll and L iu ) to  p r e d ic t  com posite 
f r a c tu r e ,  have been developed  (5 ^ ) .  However, w h ile  th e s e  m odels work w e ll 
f o r  h ig h  perfo rm ance c o m p o site s , th e  m a te r ia ls  u sed  in  t h i s  t h e s i s  do n o t 
behave in  th e  way ex p ec ted  from th e o ry .  F a b ric  p l i e s  have h ig h ly  non- 
homogeneous s t r e s s  f i e l d s ,  due to  s t r e s s  c o n c e n tr a t io n s  a t  ro v in g  c r o s s ­
o v e rs  (2 0 ) ,  c a u s in g  a  breakdown in  th e  a ssu m p tio n s  in h e re n t  to  la m in a te  
p l a t e  th e o ry . In  consequence, l i t t l e  use  can be made o f  t h i s  th e o ry  in  
p r e d ic t in g  th e  f a i l u r e  o f  woven ro v in g  co m p o site s .
5 .4 .2  L in e a r  e l a s t i c  f r a c tu r e  m echanics
S in ce  g la s s /p o l y e s te r  la m in a te s  a r e  composed o f  two b r i t t l e  p h a se s .
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and behave a t  low s t r a i n s  in  a l i n e a r  e l a s t i c  f a s h io n ,  c o n s id e ra b le  i n t e r e s t  
has been shown in  th e  a p p l ic a t io n  o f  f r a c tu r e  m echanics to  com posite  s t r e n g th  
p r e d ic t io n s .  Beaumont (6%) has s tu d ie d  t h i s  p rob lem , showing t h a t  f a i l u r e  
must be c o n t ro l le d  by th e  l a r g e s t  flaw  p re s e n t  f o r  a  f r a c tu r e  m echanics 
app roach  to  be a p p l i c a b l e , i . e .  com p o sites  must be flaw  s e n s i t i v e .  T h is 
was found to  be th e  ca se  in  h ig h  perfo rm ance la m in a te s ,  where Vf i s  
h ig h , and th e  i n t e r f a c i a l  bonding  s t r o n g .  I t  was p o s s ib le  to  c a lc u la te  s t r e s s  
i n t e n s i t y  f a c to r s  f o r  th e s e  m a te r ia l s .  However, in  com posites  where bonding  
i s  n o t so  s t ro n g ,  a  la rg e  amount o f  c ra c k  b lu n t in g ,  a s  a r e s u l t  o f  debonding 
o c c u rs , and s t r e n g th  becomes flaw  in s e n s i t i v e .  In  th e se  c irc u m s ta n c e s , LEFM 
canno t be used  to  p r e d ic t  s t r e n g th .
S e v e ra l o th e r  w orkers (6 9 -7 2 ) have u sed  f r a c t u r e  m echanics to  p r e d ic t  
th e  s t r e n g th  o f  la m in a te s  c o n ta in in g  m acroscop ic  s t r e s s  c o n c e n tra to r s  
( i . e .  h o le s  and c r a c k s ) .  Nuismer and W hitney (6 9 ) and Waddoups e t  a l  
( 90) have produced m odels t h a t  s u c c e s s f u l ly  p r e d ic t  th e  s t r e n g th  o f  h ig h  
perform ance carbo n /ep o x y  co m p o sites  c o n ta in in g  n o tc h e s ,  though th e s e  a r e  
l a r g e ly  cu rve  f i t  e x c e r c is e s .  K onish e t  a  1(71) found th a t  f a i l u r e  mech­
anism s were edge c ra c k  dom inated , though a g a in  t h i s  was in  h ig h  perform ance 
co m p o site s . K anninen e t  a l  { 7̂  ) show th a t  LEFM can  o n ly  be used  in  
m a te r ia ls  where m ic r o s t r u c tu r a l  e f f e c t s  a re  n e g l ig ib l e ,  a llo w in g  th e  com posite  
to  be re g a rd e d  a s  homogeneous.
When woven ro v in g  com p o sites  a r e  c o n s id e re d , m ic r o s t r u c tu r a l  e f f e c t s  
c l e a r l y  dom inate , and i t  h as  been d em o n stra ted  (5 5 ) t h a t  th e  b eh av io u r 
o f  g la s s  fa b r ic /e p o x y  la m in a te s  do n o t f a l l  w ith in  th e  scope o f  LEFM. 
G la s s /p o ly e s te r  bonding  i s  n o t s t r o n g  ( 4 .2 ) ,  a l lo w in g  c o n s id e ra b le  c rack  
d e v ia t io n  and b lu n t in g  to  o c c u r . S eco n d ly , i t  has been  shown ( ^ ) th a t  
f a b r ic  la m in a te s  a r e  o n ly  l i n e a r  e l a s t i c  up to  0 .4 #  s t r a i n  . Thus, th e  
whole b a s is  o f  LEFM b re a k s  down a t  low s t r a i n  l e v e l s .  As a f i n a l  p o in t ,  i t  
w i l l  be shown th a t  GRP i s ,  in  f a c t ,  v i s c o e l a s t i c  ( 7 .1 ) .  Thus, once a g a in , 
t h i s  f a i l u r e  model i s  no t a p p l ic a b le  to  th e  m a te r ia ls  t e s t e d  in  t h i s  t h e s i s .
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o n ly  w orking w ith  h ig h  perform ance (ca rb o n /ep o x y ) co m p o site s .
5 . 4 .3  Bundle s t r e n g th  th e o r ie s
A t o t a l l y  d i f f e r e n t  app ro ach  to  f a i l u r e  i s  to  c o n s id e r  how m ic r o s t r u c tu r a l  
e lem en ts  behave u n d e r lo a d .  One o f  th e  ways to  do t h i s , i s  to  re g a rd  a 
com posite  a s  a b und le  o f  f i b r e s  w hich p o s se s s  v a r ia b le  s t r e n g th s .  These 
model s  a r e  b ased  on t h e o r e t i c a l  s tu d ie s  o f  th e  s t r e n g th  o f  flaw ed  f ib r e  
b u n d le s , r a t h e r  th a n  d e te rm in ed  from a  m acroscop ic  s tu d y  o f  com posite  b e­
h a v io u r . Coleman ( 7 3 ) p r e s e n ts  a good rev iew  o f  th e  m odels a v a i la b le  .
When c l a s s i c a l  f i b r e s  a r e  c o n s id e r e d , i . e .  n o t embedded in  a m a tr ix , th e  
fo llo w in g  assu m p tio n s  have to  be m ade:-
( i )  F ib re  s t r e n g th  i s  tim e in d ep en d en t
( i i )  A f i b r e  b re a k s  a t  i t s  w eakest p o in t
( i i i )  F ib re  s t r e n g th  does n o t f a l l  to  z e ro , r e g a r d le s s  o f  le n g th .
Assuming a  W eibu ll d i s t r i b u t i o n  in  f i b r e  s t r e n g th ,  i t  was found th a t  th e  
r a t i o  o f  th e  t e n s i l e  s t r e n g th  o f  a bun d le  to  th e  mean t e n s i l e  s t r e n g th  
o f  th e  c o n s t i tu e n t  f i l a m e n ts ,d e c r e a s e s  m o n o to n ic a lly  w ith  in c re a s in g  
f ib r e  s t r e n g th  d is p e r s io n .
Two p r o b a b i l i t y  d i s t r i b u t i o n  fu n c t io n s  have been d e s c r ib e d  by 
Harlow and Phoenix  (7 4 ,7 5 )  to  a cc o u n t f o r  th e  b e h a v io u r o f  a  s im p le  
f i b r e  b und le  : -
( i )  S t r e n g th  d i s t r i b u t i o n  am ongst f ib r e s
( i i )  F ib re  le n g th  d i s t r i b u t i o n  w ith in  th e  bund le  
The f i r s t  f a c t o r  i s  th e  m ost im p o r ta n t ,  and i s  u s u a l ly  re p re s e n te d  by 
a W eibull d i s t r i b u t i o n  fu n c t io n .  The second f a c t o r  a llo w s  fo r  th e  ca se  
where some f ib r e s  a r e  lo ad ed  b e fo re  o th e r s .  When a lo a d  i s  a p p l ie d ,  a 
f ib r e  w i l l  b re a k , t r a n s f e r r i n g  lo a d  to  a l l  th e  o th e r  f i b r e s ,  in c re a s in g  
th e  p r o b a b i l i t y  o f  su b seq u en t f a i l u r e s .  The d i s t r i b u t i o n  o f  b reak s  i s  
de term ined  by th e  d e f e c t  p o p u la tio n  in  each  f i b r e ,  and so th e  lo c a t io n
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o f  each  b reak  i s  in d e p en d en t o f  i t s  p re d e c e s s o r .  Once a f ib r e  b re a k s , i t  
c e a s e s  to  be lo a d  b e a r in g  . E v e n tu a lly , s u f f i c i e n t  b re a k s  accum ula te  to  
i n i t i a t e  b u n d le  f a i l u r e ,  b reak  p o s i t io n  a lo n g  th e  gauge b e in g  a random 
fu n c t io n  o f  each  f i b r e .
B u n s e ll (7 6 ) a p p l ie d  th e  g e n e ra l p r in c i p l e s  o f  bun d le  th e o ry  to  th e  
c a s e  o f  f i b r e  r e in f o r c e d  r e s in  c o m p o site s . In  t h i s  c a s e ,  f ib r e /m a t r ix  
a d h e s io n , and th e  s h e a r  s t r e s s e s  around  a b re a k , a llo w  lo a d  t r a n s f e r  to  
be l im i te d  to  n e ig h b o u rin g  f i la m e n t r e g io n s .  Thus, th e  zone o f  in f lu e n c e  
o f  a  f i b r e  b re a k  i s  r e s t r i c t e d  to  a  segm ent o f  th e  f i b r e  l e n g th ,  in c r e a s in g  
lo c a l  s t r e s s e s ,  r a t h e r  th a n  th e  o v e r a l l  b und le  s t r e s s  l e v e l .  Even a f t e r  
f a i l u r e ,  f i la m e n ts  can  th u s  s t i l l  rem ain  lo a d  b e a r in g  ( f ig u r e  5 « 6 ) . In  
t h i s  c a s e ,  b e h a v io u r  i s  m odelled  a s  a c h a in  o f  f i b r e  b u n d le s , where 
b re a k s  in  one segm ent do n o t in f lu e n c e  th e  p r o p e r t i e s  o f  f i la m e n t le n g th s  in  
i t s  n e ig h b o u rs . An in c re a s e  in  s t r e n g th  i s  found, s in c e  th e  chances o f  
f in d in g  a s e v e re  f la w  in  a  segm ent, s u f f i c i e n t  to  cau se  f a i l u r e  in  a  f ib r e  
n e ig h b o u rin g  a  b re a k  zone , i s  much l e s s  th a n  i n  th e  c a se  where th e  whole 
b u n d le  i s  o v e r lo a d e d .
C om posite s t r e n g th  m odels can be d e r iv e d  from c h a in -o f -b u n d le s  th e o ry , 
and  Harlow and P hoen ix  (? 4 ,7 5 /  d e t a i l  th e  a n a l y t i c a l  te c h n iq u e s  in v o lv e d . 
P r a c t i c a l  s o lu t io n s  a r e  a lm o st im p o ss ib le  to  com pute, n u m e ric a l convergence 
m ethods b e in g  r e q u ir e d  even f o r  th e  ca se  o f  a 4 f i b r e  b u n d le , .  They a ls o  
p r e s e n t  an  e x p re s s io n  fo r  th e  s t r e s s  c o n c e n tra t io n  around  f i la m e n t b reak s  
w ith in  acht^'in segm en t. The lo a d  c o n c e n tra t io n  f a c t o r  ( k r )  f o r  an  unbroken 
f i b r e  a d ja c e n t  to  r  f i la m e n t b re a k s  i s  g iv en  b y : -
Kr = 1 + r / 2  - ( 5 - 9 )
T h is  e q u a t io n  w i l l  be f u r th e r  d is c u s s e d  in  P a r t  I I I .
W hile s im p le  m a th em atica l s o lu t io n s  f o r  com posite  s t r e n g th  b ased  
on  t h i s  th e o ry  have n o t y e t been dev e lo p ed , th e  p r in c i p l e s  o u t l in e d  
r e p r e s e n t  th e  b e s t  a v a i l a b l e  model o f  th e  m echan ical re sp o n se  o f  GRP.
T h is  i s  p a r t i c u l a r l y  t r u e  fo r  woven f a b r i c s ,  s in c e  t h i s  model can  a llo w  fo r  
th e  h e te ro g e n e o u s  n a tu re  o f  th e  re in fo rc e m e n t p l i e s .
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C H A P T E R  6
MOISTURE EFFECTS IN COMPOSITES 
The b e h a v io u r o f  GRP in  an aqueous env iro n m en t, p a r t i c u l a r l y  a t  
e le v a te d  te m p e ra tu re s ,a n d  / o r  u n d er s t a t i c  lo a d , has been shown to  d i f f e r  
from th e  p r o p e r t i e s  a l r e a d y  d e t a i l e d  ( 9 ) .  S in ce  th e  m ajo r a p p l i c a t io n  fo r  
GRP has been th e  rep lacem en t o f  s t e e l s  in  c o r ro s iv e  en v iro n m en ts , i t  i s  
im p o rta n t to  d e te rm in e  how th e  env ironm ent a l t e r s  th e  m echan ica l re sp o n se .
When e s t im a t in g  th e  changes in  p r o p e r t i e s  t h a t  o c c u r  d u r in g  im m ersion , 
s e v e r a l  i n t e r r e l a t e d  f a c to r s  have to  be c o n s id e re d :-
( i )  M o is tu re  d i f f u s io n  r a t e s
( i i )  D if fu s io n  mechanisms
( i i i )  M o istu re  d i f f u s io n  w ith in  a  la m in a te  
( iv )  E f f e c t  o f  m o is tu re  on c o n s t i tu e n t  p r o p e r t i e s  
(v ) T em peratu re  and a p p l ie d  lo a d .
6 .1  M oistu re  u p ta k e
When a  la m in a te  i s  exposed  to  an  aqueous en v iro n m en t, a n a l y t i c a l  and 
e x p e rie m e n ta l te c h n iq u e s  to  p r e d ic t  p ro p e r ty  changes u n d e r f l u c t u a t i n g  
te m p e ra tu re  and m o is tu re  c o n te n t ,  have to  be d ev e lo p ed . S p r in g e r  (77 ) 
o u t l i n e s  th e  p a ra m e te rs  t h a t  have to  be d e te rm in ed  a s  th e  te m p e ra tu re  
(T ) ,  and m o is tu re  c o n te n t  (C ), v a ry  w ith  tim e  ( t ) : -
( i )  T em perature d i s t r i b u t i o n  w ith in  th e  la m in a te  a s  a  fu n c t io n  o f  
p o s i t i o n  and tim e .
( i i )  M o is tu re  c o n c e n tr a t io n  a s  a fu n c tio n  o f  p o s i t i o n  and tim e
( i i i )  Mass o f  w a te r  p re s e n t  a s  a fu n c t io n  o f  tim e
( iv )  Changes in  la m in a te  b eh av io u r a s  a fu n c tio n  o f  tim e 
When c e r t a in  c o n d i t io n s  a re  s a t i s f i e d ,  ( i )  -  ( i i i )  can be de te rm in ed  
a n a l y t i c a l l y ,  w h ile  t e s t i n g  i s  r e q u ire d  to  q u a n t ify  perfo rm ance changes
( 6 .3 ) .  These c o n d i t io n s  a re  ( 7 7 ) : -
( i )  Heat t r a n s f e r  th ro u g h  th e  la m in a te  i s  by co n d u c tio n  o n ly , 
and i s  d e sc r ib e d  by F o u r ie r ’ s law .
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( i i )  M o is tu re  d i f f u s io n  can be d e sc r ib e d  by use o f  P ick s  2nd law 
o f  D if fu s io n ,
( i i i )  T em perature e q u i l ib r iu m  i s  reach ed  much more r a p id ly  th a n  th e
maximum m o is tu re  c o n te n t ,  d e c o u p lin g  F o u r ie r 's  and P ic k 's  la w s.
( iv )  Therm al c o n d u c t iv i ty  and mass d i f f u s i v i t y  depend s o le l y  on th e  
te m p e ra tu re , and a re  in d e p en d en t o f  m o is tu re  c o n te n t and s t r e s s  
l e v e l  w ith in  th e  body.
When th e  above assu m p tio n s  a re  v a l id ,  m o is tu re  u p tak e  i s  s a id  to  be 
'F ic k ia n * ,  i . e .  obeys P ic k 's  law , w hich can  be w r i t t e n  in  th e  form ( ? ) : -  
dm = -D A  ^ c \
d t ST
where m i s  th e  mass o f  d i f f u s a n t  p a s s in g  th ro u g h  a  c ro s s  s e c t io n ,  A. C 
i s  th e  mass c o n c e n tr a t io n ,  and D th e  d i f f u s io n  c o e f f i c i e n t ,  w hich can  v a ry  
w ith  te m p e ra tu re  and p r e s s u r e .
Shen and S p r in g e r  (78 ) looked  a t  u n id i r e c t i o n a l  ca rb o n /ep o x y  c o m p o site s , 
and found t h a t  u p tak e  ap p m x im a te s  to  F ic k ia n  b e h a v io u r . They developed  
a n  a n a l y t i c a l  model to  d e te rm in e  th e  o v e r a l l  d i f f u s io n  p r o p e r t i e s  o f  such  
la m in a te s  from s h o r t  term  t e s t s .  E x p e rim e n ta lly , sam ples were immersed 
and m o is tu re  c o n te n t ,  m easured a s  a w eigh t change, p lo t t e d  a g a i n s t \ / t  
( f ig u r e  6 .1 ) .  The i n i t i a l  s t r a i g h t  s lo p e  has a  g ra d ie n t  p r o p o r t io n a l  to  th e  
com posite  d i f f u s i v i t y ,  D, g iv e n  b y :-
n 7 "2 - \
4MP! j
where h i s  th e  sam ple th ic k n e s s .  From t h i s  simiple t e s t  r o u t in e ,  th e  
m o is tu re  u p tak e  c h a r a c t e r i s t i c s  o f  a la m in a te  u n d er a  whole range  o f  t e s t  
c o n d i t io n s  can be p r e d ic te d ,  g iv in g  th e  assu m p tio n  o f  F ic k ia n  b e h a v io u r .
Having d em o n stra ted  th e  u s e fu ln e s s  o f  P ic k s  Law in  p r e d ic t in g  
m o is tu re  u p ta k e , some th o u g h t sh o u ld  be g iv en  to  th e  c a se  where t h i s  
th e o ry  does n o t a p p ly . In  c o m p o site s , th e  fo llo w in g  f a c to r s  can a l l  cause 
d e v ia t io n s  from th e  above th e o ry .
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( i )  C racks o r  d é la m in a tio n s  o c c u r in  th e  co m p o site , a l t e r i n g  i t s  
s t r u c t u r e .
( i i )  M o istu re  p ro p o g a te s  a lo n g  th e  f ib r e /m a t r ix  i n t e r f a c e
( i i i )  Voids o c c u r in  th e  la m in a te
( iv )  M atrix  d i f f u s io n  i s  n o n -F ic k ia n  
C om posites, in  p a r t i c u l a r  low g la s s  c o n te n t p o ly e s te r  m a te r ia l s ,  e x h i b i t  a t  
l e a s t  one o f  th e  above, and o f te n  a  co m b in a tio n  o f  s e v e r a l  f a c t o r s ,  so  t h a t  
F ick s  law  can a t  b e s t  be re g a rd e d  a s  an  ap p ro x im a tio n  to  d i f f u s io n .  S in c e  
i t  r e p r e s e n ts  th e  o n ly  a n a l y t i c a l  model a v a i l a b l e  f o r  p r e d ic t in g  m o is tu re  
c o n te n t in  a  com p o site , many w orkers ( 79- 8 9 ) have a tte m p te d  to  a p p ly  i t ,  
w ith  v a ry in g  d eg ree s  o f  s u c c e s s .
When h ig h  perform ance carb o n /ep o x y  com p o sites  a r e  exam ined, F ic k s  
Law i s  g e n e ra l ly  found to  g iv e  good ap p ro x im a tio n s  to  m o is tu re  a b s o rp t io n  
r a t e s .  C o ll in g s  and C opley (79) u se  F ic k s  Law to  c a l c u la te  m o is tu re  
g r a d ie n ts  from a  f i n i t e  e lem en t a n a l y s i s ,  from which th e y  d e r iv e  an 
a c c e le r a te d  m o is tu re  a g e in g  te c h n iq u e  f o r  a e ro sp a c e  co m p o s ite s . S im i la r  
woik on CFEP was a ls o  u n d e rta k e n  by Edge (8 0 ) ,  w h ile  W eitsman (8 l ) ,  and 
Leung: and K ae lb le  (8 2 ) , a l l  d em o n stra te  t h a t  w a te r  u p ta k e  in  th e s e  
sy stem s i s  F ic k ia n .
F ic k ia n  b eh av io u r h a s ,  how ever, a l s o  been re p o r te d  in  l e s s  advanced  
(low  Vf) co m p o site s . Loos and S p r in g e r  ( 8 3 ) s tu d ie d  d i f f u s io n  i n  g l a s s /  
p o ly e s t e r  s h e e t  m oulding compounds. W eight change a s  a f u n c t io n  o f \ / t  
was m o n ito red , from which F ic k ia n  d i f f u s io n  was found to  o c c u r .  However, 
m oulding compounds c o n ta in  a s i g n i f i c a n t  amount o f  c a lc  turn c a rb o n a te  f i l l e r ,  
which can be le a c h e d  o u t o f  th e  m a tr ix  d u r in g  im m ersion. T h is  w i l l  
a f f e c t  th e  m o is tu re  u p ta k e , m easured a s  a fu n c tio n  o f  sam ple w eigh t 
in c r e a s e ,  s in c e  th e  c a lc u la te d  le v e l  w i l l  in c lu d e  a w eigh t l o s s  elem en t 
due to  le a c h in g . S in ce  d e v ia t io n s  from th e o ry  n o rm ally  o c c u r  th ro u g h  h ig h e r  
th a n  p r e d ic te d  u p tak e  (a s  a r e s u l t  o f  c ra c k s  e t c . ) ,  t h i s  w eigh t lo s s
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mechanism may cause anom olous d i f f u s io n  to  a p p e a r  F ic k ia n . E l l i s  and 
Found (84) a ls o  show F ic k ia n  d i f f u s io n  «cours in  c s m /p o ly e s te r  c o m p o site s , 
b u t a g a in  w eight lo s s  mechanisms would le a d  to  in a c c u ra c ie s  in  th e  m easure­
ment o f  th e  m o is tu re  uptedce r e p o r te d .
When exam ining th e  l i t e r a t u r e  on g la s s  f i b r e  r e in fo r c e d  r e s i n s ,  p a r t i c ­
u l a r l y  p o ly e s t e r s ,  th e  concensus o f  o p in io n  i s  t h a t  anom olous d i f f u s io n ,  
r a t h e r  th a n  F ic k ia n , o c c u rs .  Menges and G its j^ h n er(8 5 ) show t h a t  o n ly  
' i d e a l '  com p o sites  w i l l  obey c l a s s i c a l  d i f f u s io n  m odels. In  r e a l  g l a s s /  
r e s i n  sy s tem s , m a tr ix  s w e ll in g  o c c u rs ,  in d u c in g  i n t e r n a l  s t r e s s e s  t h a t  
a l t e r  th e  d i f f u s io n  c h a r a c t e r i s t i c s .  The lo w er th e  g la s s  c o n te n t u se d , th e  
g r e a t e r  i s  th e  in f lu e n c e  o f  s w e ll in g  s t r e s s e s  on w a te r  u p ta k e . D ew im ille 
e t  a l  (86 ) came to  s im i l a r  c o n c lu s io n s , and th e y  l i s t  some o f  th e  mech­
an ism s t h a t  o c c u r  in  r e a l  la m in a te s : -
( i )  D if fu s io n  in to  th e  m a tr ix  w ith o u t v i s i b l e  d e g ra d a tio n
( i i )  I n i t i a t i o n  o f  m ic ro d a m a g e ,in c re a s in g  th e  d i f f u s io n  r a t e
( i i i )  Weight lo s s  due to  le a c h in g  
The com b in a tio n  o f  th e s e  f a c to r s  le a d s  to  anom olous d i f f u s io n .
F a r r a r  and Ashbee (8 ? )  c o n s id e r  t h a t  d i f f u s io n  in  g la s s /e p o x y  com­
p o s i t e s  i s  anom olous. They d em o n stra te  how th e  m a tr ix  r e g io n  a d ja c e n t  to  a 
f i b r e  induced  s u f f i c i e n t  s w e ll in g  s t r e s s e s  to  in c re a s e  th e  lo c a l  d i f f u s io n  
r a t e ,  a s  w e ll a s  i n i t i a t e  i n t e r f a c i a l  debonding  and c ra c k in g .  Both o f  
th e s e  f a c to r s  in c re a s e  th e  m o is tu re  u p ta k e  to  a  g r e a t e r  e x te n t  th a n  t h a t  
p r e d ic te d  from th e o ry .  Bonniau and B u n se ll (8 8) show how th e  deg ree  
o f  m a tr ix  cu re  a f f e c t s  w a te r a b s o rp tio n  in  g la s s /e p o x y  la m in a te s .  R esin  
c u re  a f f e c t s  th e  m agnitude o f  m a tr ix  s w e ll in g  th a t  o c c u rs  d u rin g  im m ersion, 
once a g a in  showing how i n t e r n a l  s t r e s s  b u i ld  ups can  a l t e r  th e  d i f f u s io n  
b e h a v io u r  o f  th e s e  low f ib r e  f r a c t i o n  co m p o site s . P o ly e s te r s  a r e  more 
s u s c e p t ib le  to  s w e ll in g  th a n  e p o x ie s  (3*3), so  anom olous d i f f u s io n  would 
be  more l i k e l y  to  o c c u r  in  g la s s  r e in fo rc e d  p o ly e s t e r s ,  a p o in t  con firm ed  by 
th e  l i t e r a t u r e .
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M arshall e t  a l  ( 89 ) s tu d ie d  d i f f u s io n  in  csm /epoxy com posites  by u s in g  
t r i t i a t e d  w a te r a s  th e  d i f f u s a n t .  In t h i s  way, u p ta k e  co u ld  be fo llo w ed  
by s e c t io n in g  th e  sam ples, and m easuring  th e  e m itte d  r a d i o a c t i v i t y .  Non- 
F ic k ia n  d i f f u s io n  was th u s  a t t r i b u t e d  to  th e  c l u s t e r i n g  o f  m o is tu re  in  th e  
r e s i n ,  e i t h e r  a t  p o la r  g roups a lo n g  th e  polym er c h a in ,  o r  in  m ic ro -v o id s .
T h is  method i s  v e ry  u s e f u l ,  a s  smy w eigh t lo s s  d u r in g  im m ersion does n o t 
a f f e c t  th e  m easurem ents, and d i f f u s io n  c o e f f i c i e n t s  can  be c a lc u la te d ,  
d e s p i t e  th e  anom olous d i f f u s io n  found . However, th e  h ig h e r  io n ic  p o t e n t i a l  
o f  t r i t i u m ,  compared to  w a te r , may cau se  g r e a t e r  c l u s t e r i n g  around  p o la r  
g ro u p s  on th e  polym er c h a in  th an  would n o rm ally  be e x p e c te d .
A no ther f a c t o r  in f lu e n c in g  th e  d i f f u s io n  b e h a v io u r  o f  a  com posite  i s  
th e  r e l a t i v e  h u m id ity . Jo n es  (90) shows t h a t  d e v ia t io n s  from F ick s  Law 
o c c u r  b o th  in  CFRP, and GRP a t  h ig h  r e l a t i v e  h u m id ity . W right (91 ) shows how 
m o is tu re  u p ta k e  r a t e ,  and maximum m o is tu re  c o n te n t ,  in c r e a s e s  w ith  r e l a t i v e  
h u m id ity  (figure 6 .2 ) .  As a  g e n e ra l r u le ,  im m ersion in  w a te r  le a d s  to  
anom olous d i f f u s io n ,  w h ile  a t  low er r e l a t i v e  h u m id i t ie s ,  F ic k ia n  b e h a v io u r  
can  be o b ta in e d  (8 6 ) .
Anomolous d i f f u s io n  can be a t t r i b u t e d  to  two f a c t o r s ,  r e s in  s w e ll in g  
and d e f e c t  fo rm a tio n . High perfo rm ance co m p o sites  c o n ta in  low l e v e l s  o f  
r e s i n ,  and v o id  c o n te n ts  a r e  m in im al. Hence, th e y  ap p ro ach  th e  'id e a l*  
s t a t e  to  w hich F ick s  Law a p p l ie d  (8 5 ) .  G la s s /p o ly e s te r  c o m p o site s , on 
th e  o th e r  hand, c o n ta in  much h ig h e r  p e rc e n ta g e s  o f  b o th  r e s in  and p o r o s i ty
( 5 . 3 ) ,  w hich can in f lu e n c e  a b s o rp t io n ,  a s  shown by K a e lb le  (9 2 ) . As a  
co n sequence , F ick s  law  i s  no lo n g e r  a p p l ic a b le ,  and anom olous d i f f u s io n  
r e s u l t s ,  making t h e o r e t i c a l  p r e d ic t io n s  o f  m o is tu re  c o n te n t  im p o ss ib le  .
6 .2  E f f e c t  o f  lo a d  and te m p e ra tu re  on m o is tu re  u p ta k e
Having shown t h a t  d i f f u s io n  in  g la s s /p o l y e s te r  co m p o sites  does n o t 
n o rm a lly  fo llo w  th e  a v a i la b le  a b s o rp tio n  m odels, some th o u g h t sh o u ld  be 
g iv e n  to  th e  e f f e c t  o f  te m p e ra tu re  and a p p l ie d  lo a d  on th e  m o is tu re  u p tak e
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o f  th e s e  m a te r i a l s .  S p r in g e r  (77) has shown t h a t  th e  d i f f u s io n  c o e f f i c i e n t  
o f  a com posite  v a r i e s  w ith  changes in  a p p l ie d  s t r e s s  and te m p e ra tu re . 
T em peratu re f l u c t u a t i o n s  cause  an e x p o n e n tia l  change in  D, and in  most 
p r a c t i c a l  c a s e s ,  t h i s  i s  th e  dom inant e f f e c t ,  and changes w ith  s t r e s s  can 
be ig n o re d . Shen and  S p r in g e r  (78) f u r th e r  found t h a t  maximum m o is tu re  con­
t e n t  i s  in d e p en d en t o f  te m p e ra tu re , b e in g  s o l e l y  a fu n c tio n  o f  th e  r e l a t i v e  
h u m id ity . T h is  i s  c o n t ra ry  to  th e  g e n e r a l ly  ex p ec ted  c a s e , where in c re a s e s  
in  maximum m o is tu re  c o n te n t  o c c u r  a s  th e  te m p e ra tu re  i s  r a i s e d  (9 1 ) .  S in c e  
te m p e ra tu re  in c r e a s e s  d i f f u s io n  r a t e ,  i t  would a p p e a r  u n l ik e ly  t h a t  Mm would 
n o t a l s o  be r a i s e d .  From r e s u l t s  found in  t h i s  t h e s i s ,  maximum a b s o rp tio n  
le v e l s  were found to  depend on th e  t e s t  te m p e ra tu re  ( 1 1 .1 ) .  Thus, i t  i s  
concluded  t h a t  f o r  GRP, maximum u p ta k e  l e v e l s  w i l l  depend on te m p e ra tu re .
In c r e a s in g  th e  t e s t  te m p e ra tu re  can  in c re a s e  d i f f u s io n  r a t e s ,  a s  w e ll 
a s  Mm, th ro u g h  an  in c re a s e  i n  com posite  f r e e  volum e. T h is  can o c c u r  in  
two ways. F i r s t l y ,  a t  th e  m ic r o s t r u c tu r a l  l e v e l ,  te m p e ra tu re  r i s e s  in c re a s e  
th e  polym er c h a in  m o b i l i ty  in  th e  m a tr ix .  T h is  r a i s e s  th e  l e v e l  o f  c h a in  
d i s o r d e r , r e d u c in g  th e  c ro s s  l in k  d e n s i ty  by th e rm a lly  a c t iv a t e d  bond 
b re a k in g , and le a d s  to  an  ex p an sio n  o f  th e  polym er n e tw ork . T h is  in c re a s e  
i n  f r e e  volume a l lo w s  e a s i e r  a c c e s s  to  th e  netw ork f o r  th e  d i f f u s in g  m o is tu re , 
a c c e le r a t in g  u p ta k e  r a t e  and  l e v e l .  S eco n d ly , a t  th e  m a c ro s t ru c tu ra l  l e v e l ,  
d i f f e r e n t i a l  th e rm a l ex p an sio n  in  a la m in a te  has  been shown by Jo n es  e t  a l  
(9 3 ,9 4 )  to  in d u c e  th e rm a l s t r a i n s  in  th e  co m p o site . T h is  can cau se  m icro ­
c ra c k in g , p ro v id in g  p a th s  o f  easy  d i f f u s io n  f o r  th e  in g r e s s in g  m o is tu re .
T hese c ra c k s  a l s o  c r e a te  a i r  gaps in  th e  co m p o site , which can become f i l l e d  
w ith  w a te r , in c r e a s in g  th e  maximum m o is tu re  c o n te n t a t t a i n a b l e .  Thus, 
th e  te m p e ra tu r e  dependence o f  d i f f u s io n  in  GRP, can be a t t r i b u t e d  to  th e  
changes in  i n t e r n a l  f r e e  volume t h a t  o c c u r  on h e a t in g .
When a lo a d  i s  a p p l ie d  to  a com posite  immersed in  w a te r , th e  r e s u l t i n g  
b u i ld  up o f  damage, p a r t i c u l a r l y  in  o rth o g o n a l la m in a te s , where t r a n s v e r s e  
c ra c k in g  o c c u rs  a t  low lo a d s  (2 0 ) , would be e x p ec ted  to  in c re a s e  a b s o rp tio n
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r a t e s ,  a s  has been found (89 ) .  S t r e s s  c o n c e n tra t io n s  in  th e  t e s t  p ie c e s  
were found to  f u r th e r  in c re a s e  lo c a l  d i f f u s io n  r a t e s  by up to  a f a c t o r  o f  
7 . T h is  o b s e rv a t io n  i s  p a r t i c u l a r l y  r e le v a n t  to  woven f a b r ic  co m p o site s , 
where re g io n s  o f  h ig h  s t r e s s  e x i s t  a t  th e  ro v in g  c ro s s -o v e r  p o in t s .  Thus, 
n o t o n ly  i s  th e  c r i t i c a l  f i la m e n t flaw  s i z e  m inim ised i n  th e s e  a r e a s ,  b u t 
a l s o  th e  w a te r  u p ta k e  to  t h i s  zone i s  in c re a s e d ,  le a d in g  to  enhanced f ib r e  
s u r fa c e  c o r ro s io n .  W hile r a p id  m o is tu re  d i f f u s io n  ( 'w ic k in g * )  a lo n g  
i n t e r f a c e s  was n o t found to  o c c u r  i n  t h i s  woric, i t  was su g g e s te d  t h a t  t h i s  
may o c c u r  in  la m in a te  system s where i n t e r f a c i a l  bonding  i s  n o t a s  s t r o n g  a s  
in  e p o x ie s , such  a s  g la s s /p o l y e s te r  c o m p o site s .
Rotem and E liz o v  (95) found th a t  a p p l ie d  lo a d s  in c re a s e  w a te r  u p tak e  
in  S -g la s s /e p o x y  la m in a te s ,  a t t r i b u t i n g  t h i s  o b s e rv a tio n  to  r a p id  d i f f u s io n  
a lo n g  i n t e r f a c e s .  By a p p ly in g  a l o a d , in t e r f a c e s  can  be s t r e t c h e d  a p a r t ,  
a l lo w in g  w a te r  to  p e n e t r a te  and ru p tu re  any rem ain in g  bonds by h y d ro ly s is  
r e a c t io n s .
The l i n k  betw en m o is tu re  u p ta k e  and s t r e s s  has been  w e ll e s ta b l i s h e d .  
Dorey (9 6 ) found t h a t ,  above c e r t a i n  th r e s h o ld  le v e l s  o f  m o is tu re  c o n te n t  
and  s t r e s s  ( l #  and 45# r e s p e c t iv e ly  f o r  CFRP), s t r e s s  s i g n i f i c a n t l y  a f f e c t s  
th e  d i f f u s io n  r a t e .  T h is  was a t t r i b u t e d  to  damage i n i t i a t i o n  a t  th e  
th r e s h o ld  s t r e s s ,  p ro d u c in g  p a th s  f o r  m o is tu re  in g r e s s  by c a p i l l a r y  flow  
m echanism s. These th r e s h o ld s  depend on th e  m a te r ia l  sy stem , and w i l l  be 
much low er f o r  woven g la s s  f a b r ic  co m p o sites  ( 6 .4 ) .  The o n s e t o f  damage 
w i l l  be a c c e le r a te d  by m o is tu re  in d u ced  s w e ll in g  : s t r e s s e s ,  and  th e  
m o is tu re  c o n te n t th r e s h o ld  can  be re g a rd e d  a s  th e  l e v e l  o f  w a te r u p ta k e  
needed to  i n i t i a t e  h y d ro ly t ic  s w e ll in g  (87 ) .
S w e llin g  s t r e s s e s ,  when superim posed  on'' to  an  a p p l ie d  lo a d , can  
in d u c e  a v a r i e ty  o f  damage s t a t e s ,  such  a s  debonding , r e s in  c ra c k in g ,a n d  
p ly  d e la m in a tio n . A ll o f  th e se  m echanism s, coup led  w ith  th e  in c re a s e  in  
f r e e  volume a s s o c ia te d  w ith  r e s in  s w e ll in g ,  can in c re a s e  w a te r  u p ta k e  in  GRP,
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While th e  g en e ra l concensus o f  o p in io n  i s  th a t  m o is tu re  u p tak e  
in c r e a s e s  w ith  a p p l ie d  lo a d , Wyatt (24 ) found th e  o p p o s ite  to  be t r u e .  
T h in  f ilm  (20Qum) p o ly e s t e r /g la s s  la m in a te s  were exam ined, and i t  was 
found th a t  w a te r  a b s o rp tio n  was in h ib i te d  by an  e x t e r n a l ly  a p p l ie d  s t r e s s .  
M o is tu re  u p tak e  was c o n s id e re d  to  o c c u r by an  o sm otic  p ro c e s s  ( 4 .4 ) .  
P re s s u re  b u i ld  ups w ith in  v o id s ,  and a t  i n t e r f a c e s ,  can cause  debond, 
and  m a tr ix  crack ,dam age in  th e  com p o site , le a d in g  to  in c re a s e d  w a te r  
u p ta k e . When an  e x te r n a l  lo a d  i s  a p p l ie d ,  s u f f i c i e n t  m icro-dam age can 
b e  c re a te d  to  r e l i e v e  th e s e  p re s s u re  b u i ld  u p s , allo%d.ng s o lu b le  con­
s t i t u e n t s  to  escap e  from th e  la m in a te , c a u s in g  a  d rop  i n  o sm otic  d r iv in g  
fo rc e  t h a t  red u ce s  th e  d i f f u s io n  r a t e .  Large s c a le  damage th ro u g h  
p re s s u re  b u i ld  ups i s  a l s o  red u ced , re d u c in g  th e  a v a i l a b i l i t y  o f  easy  
d i f f u s io n  p a th s  in to  th e  sam ple. I t  sh o u ld  be n o te d  th a t  t h i s  e f f e c t  i s  
o n ly  seen  i n  t h in  f ilm  la m in a te s ,  and th e  anom olous r e s u l t s  d e s c r ib e d  may 
r e s u l t  from th e  r e la x a t io n  o f  s w e llin g  s t r e s s e s  t h a t  o c c u r  u n d er c o n s ta n t 
d isp la c e m e n t lo a d in g , a s  used  in  th e s e  t e s t s .
6 .3  In f lu e n c e  o f  d e f e c ts  on m o is tu re  u p tak e
I t  has been made c l e a r  t h a t  anom olous d i f f u s io n  in  GRP r e s u l t s  from 
th e  im p e rfe c t n a tu re  o f  i t s  s t r u c t u r e .  The in f lu e n c e  o f  v o id s  on com­
p o s i t e  s t r e n g th  has  a l re a d y  been exam ined ( 5 .5 .1 ) ,  b u t m ention  sh o u ld  
be made a s  to  t h e i r  in f lu e n c e  on th e  m o is tu re  d e g ra d a tio n  o f  com posite  
p r o p e r t i e s .  T h is  can o c c u r in  s e v e ra l  ways. When a t  th e  i n t e r f a c e ,  th e y  
can  a c t  b o th  a s  m o is tu re  r e s e r v o i r s  f o r  g la s s  h y d r o ly s is ,  and  a s  debond 
i n i t i a t i o n  s i t e s  (4&). Boudreau (97) looked  a t  th e  e f f e c t  o f  woven f a b r ic  
c o u p lin g  a g e n t co m p o sitio n  on i n t e r f a c i a l  breakdow n, showing th e  
d e g ra d a tio n  was in v e r s e ly  p ro p o r t io n a l  to  th e  bond s t r e n g th .  When a  good 
bond i s  a c h ie v e d , in t r a - r o v in g  p o r o s i ty  i s  m inim ised i . e .  i n t e r f a c i a l  
en v iro n m en ta l s t a b i l i t y  i s  a fu n c tio n  o f  th e  f ib r e /m a t r ix  bond.
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R esin v o id s  can a l s o  a c c e le r a te  e n v iro n m en ta l d e g ra d a tio n  in  GRP, 
M oistu re  m ig ra te s  p r e f e r e n t i a l l y  to  th e se  h ig h  s t r e s s  m a tr ix  s i t e s  ( 8 9 ) ,  
c r e a t in g  w a te r  p o c k e ts  d is p e rs e d  th ro u g h o u t th e  r e s i n .  T h is  c a u se s  
d i f f e r e n t i a l  s w e llin g  betw een v o id  s i t e s  and th e  b u lk  m a tr ix ,  in d u c in g  
i n t e r n a l  s t r e s s e s  s u f f i c i e n t  to  i n i t i a t e  c ra c k in g  from th e s e  p o re s ,  
f u r t h e r  in c re a s in g  w a te r  u p ta k e . Osm otic p r e s s u re  c ra c k in g  (2 4 ) may a ls o  
o c c u r  in  th e se  r e g io n s .
When a  s t r e s s  i s  a p p l ie d  to  a la m in a te , s t r e s s  c o n c e n tr a t io n s  around  
a vo id  ( p a r t i c u l a r l y  th o se  ly in g  p a r a l l e l  to  th e  t r a n s v e r s e  ro v in g s ) .  can 
i n i t i a t e  damage a t  low lo a d s .  T h is  w i l l ,  i n  i t s e l f ,  in c re a s e  d i f f u s io n .  
A ll th e  o th e r  mechanisms m entioned  %fill be a c c e le r a te d  by an  a p p l ie d  
s t r e s s .
G rayson (9 8 ) used  a  p r o f i l i n g  te c h n iq u e  to  exam ine m o is tu re  d i s ­
t r i b u t i o n s  in  CFRP. W hile m acroscop ic b e h a v io u r  was F ic k ia n  (a s  m easured 
by  sam ple w eigh t g a in ) ,  m o is tu re  p o c k e ts  were found to  form a t  th e  
m ic r o s t r u c tu r a l  l e v e l ,  p o s s ib ly  due to  s e g re g a t io n  a t  th e  i n t e r f a c e  (9 7 ) , 
o r  in  v o id s , o r  a t  s i t e s  o f  lo c a l  h e te ro g e n e i ty  w ith in  th e  m a tr ix .  In  
a l l  c a s e s ,  d i f f e r e n t i a l  s w e llin g  can o c c u r , le a d in g  to  damage in  th e  ways 
a l r e a d y  m en tioned . A p ic e l la  e t  a l  (99 ) found t h a t  th e  exo th erm ic  cu re  
r e a c t io n s  found in  u n s a tu ra te d  p o ly e s te r s ,c a n  r a i s e  la m in a te  te m p e ra tu re s  
by  d i f f e r i n g  d eg ree s  th ro u g h o u t th e  sam ple volum e. T h is  can le a d  to  
v a r i a t io n s  in  m a tr ix  c u re ,  w ith  some in c o m p le te ly  cu red  re g io n s  rem a in in g . 
These re g io n s  a r e  more s u s c e p t ib le  to  h y d ro ly s is ,  th u s  th e y  a b so rb  more 
w a te r , and can c r e a te  damage in  th e  manner above. P o s t-c u re  t r e a tm e n ts  
can  e l im in a te  t h i s  prob lem , by e n s u r in g  th a t  a l l  th e  m a tr ix  i s  f u l l y  
cu re d .
6 .4  P ro p e r ty  d e g ra d a tio n  o f  GRP in  w a te r
Having e s ta b l i s h e d  how m o is tu re  i s  ab so rb ed  by a  la m in a te ,  and 
i t s  d i s t r i b u t i o n  withina sam ple, th e  e f f e c t  t h i s  has on th e  m echan ica l
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p r o p e r t i e s  o f  GRP must be exam ined. Dorey (96) shows th a t  r e s in  h y d ro ly s is ,  
r e s p o n s ib le  fo r  s w e l l in g  (6 .1 ) , a c t s  to  reduce  th e  o v e r a l l  c ro s s  l in k  
d e n s i ty  in  p o ly e s te r s ,  le a d in g  to  m a tr ix  p l a s t i c i s a t i o n .  T h is  red u ce s  
th e  m echan ical p r o p e r t i e s  o f  th e  r e s i n ,  and makes i t  more s u s c e p t ib le  to  
c re e p . Tg i s  a l s o  red u ce d , d e g ra d in g  th e  e le v a te d  te m p e ra tu re  re sp o n se  
o f  th e  m a tr ix .
P r i tc h a r d  and T an e ja  (100) show th a t  h o t w a te r  in d u c e s  r e s in  p l a s t ­
i c i s a t i o n  in  c s m /p o ly e s te r  co m p o site s , a s  d e s c r ib e d  above. F u rth e rm o re , 
even when u n lo ad ed , s u r f a c e  g e l - c o a t  c ra c k in g  was o b se rv e d , r e s u l t i n g  from 
th e  s w e llin g  s t r e s s e s  g e n e ra te d  in  t h i s  s u r f a c e  l a y e r .  Once th e  g e l - c o a t  
c ra c k s , s t r e s s  c o n c e n tra t io n s  a r e  e s ta b l i s h e d ,  and enhanced d i f f u s io n  can 
o c c u r .  A c rack ed  g e l - c o a t  i s  more d e tr im e n ta l  to  th e  p r o p e r t i e s  o f  immersed 
GRP th a n  no g e l - c o a t  a t  a l l .
Hot w a te r  can a l s o  in c lu d e  i n t e r f a c i a l  breakdown an d , u l t im a te ly ,  f i b r e  
s u r f a c e  h y d ro ly s is  (lO O ). Debonding o c c u rs  w hether u n d er s t r e s s  o r  n o t ,  
b u t when u n s t r e s s e d ,  d e g ra d a tio n  i s  co n fin e d  to  th e  s u r fa c e  p l i e s .  When 
lo ad ed  to  s t r a i n s  in  e x c e ss  o f  0 .4 #  , debonding sp re a d s  r a p id ly  th ro u g h o u t 
th e  sam ple, p ro b ab ly  a s  a  r e s u l t  o f  c rac k  i n i t i a t i o n .  As an  example o f  
th e  d e g ra d a tio n  found in  h o t w a te r , a  50 day ex posu re  to  b o i l in g  w a te r  
(no lo a d  a p p l ie d )  reduced  f l e x u r a l  s t r e n g th  by 59#, and modulus by 28# .
Hogg and H ull (1 0 1 ), i n  a  com prehensive rev iew  o f  en v iro n m en ta l 
d e g ra d a tio n  in  GRP, show th a t  w a te r  a b s o rp t io n  a f f e c t s  th e  b e h a v io u r o f  each  
com posite  c o n s t i tu e n t .  R esin  p l a s t i c i s a t i o n  o c c u rs ,  w hich may be 
r e v e r s ib l e ,  red u c in g  m a tr ix  p r o p e r t i e s .  The le a c h in g  o f  low m o le c u la r  
w eig h t m a te r ia l  from th e  r e s in  f u r th e r  red u ce s  i t s  p r o p e r t i e s  i r r e v e r s i b l y .
At e le v a te d  te m p e ra tu re s , s e r io u s  d e g ra d a tio n  in  th e  form o f  s w e llin g  
and le a c h in g  o c c u rs .  T h is  p ro d u ces  r e s in  c ra c k s  t h a t  b o th  weaken th e  
la m in a te , and in c re a s e  w a te r  p e n e t r a t io n  r a t e s .  T h is  was found (101) 
to  reduce th e  s t r e s s - r u p tu r e  l i f e  o f  GRP, and i t  was su g g e s te d  th a t  th e  u se  
o f  more f l e x ib le  r e s in s  co u ld  p re v e n t c ra c k in g , and im prove th e  m o is tu re
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r e s i s ta n c e .  S ince the  c u r re n t . -rV has found th a t  r e s in  c rac k in g  a c c e le r a te s  
s t r e s s - r u p tu r e  (P a r t I I I ) ,  t h i s  approach  would ap p ea r to  have c o n s id e ra b le  
b e n e f i t s .
I n t e r f a c i a l  breakdown can a ls o  occu r in  w ate r, red u c in g  tra n s v e rs e  
s t r e n g th  e t c .  T h is a ls o  a llo w s m o istu re  to  come in to  c o n ta c t w ith  th e  
g la s s  f ib r e s ,  causing  s t r e s s  c o rro s io n  weakening to  occur ( 5 .5 ) .  With E- 
g la s s  f ib r e s  bound in  a r e s in  m a tr ix , sim ple immersion in  room tem p era tu re  
w a te r i s  u n lik e ly  to  cause s ig n i f i c a n t  s t r e n g th  lo s s .  When under 
s t r e s s ,  o r  a t  e le v a te d  te m p e ra tu re s , th e  s i t u a t io n  changes, and s ig n i f i c a n t  
s t r e n g th  lo s s ,  due to  a c c e le ra te d  f ib r e  c o rro s io n  r a te s ,  i s  found w ith  
tim e .
Due to  a mismatch in  th e  therm al expansion  c o e f f i c ie n t s  o f  g la s s  
and p o ly e s te r s ,  tem p era tu re  changes can induce la rg e  therm al i n t e r f a c i a l  
s t r a i n s  in  a com posite . T h is can c re a te  damage, and weaken th e  la m in a te .
Jo n es  and Mulheron (102) found th a t  much h ig h e r  therm al s t r a i n s  were 
induced  in  wet la m in a te s  d u rin g  a tem p era tu re  c y c le .  Thus, a b so rp tio n  o f  
w a te r a lso  le a d s  to  an in c re a s e  in  th e  tem p era tu re  s e n s i t i v i t y  o f  a 
com posite exposed to  f lu c tu a t in g  te m p e ra tu re s .
A common phenomenon in  g la s s /p o ly e s te r  la m in a te s  th a t  c o n ta in  a 
g e l - c o a t ,  i s  m o istu re  induced  b l i s t e r i n g .  T his ru p tu re s  th e  p ro te c t iv e  
g e l - c o a t ,  c r e a t in g  a s t r e s s  c o n c e n tra tio n , and a llo w in g  ra p id  t r a n s p o r t  o f  
w a te r in to  th e  com posite . Adams ( I 0 5 ) shows b l i s t e r i n g  to  be a fu n c tio n  
o f  th e  g e l-c o a t  p e rm e a b il i ty  and vo id  c o n te n t .  In e ssen ce , le a c h in g  
produces a s o lu te  g ra d ie n t th rough th e  g e l-c o a t  to  m o istu re  f i l l e d  p o re s , 
c r e a t in g  an osm otic c e l l  ( 4 .4 ) .  P re ssu re  b u ild  ups in  th e  void  then  deform 
th e  g e l-c o a t  la y e r  above, e v e n tu a lly  b u r s t in g  i t .  I t  was in  o rd e r  to  p rev en t 
c o m p lic a tio n s , due to  b l i s t e r i n g ,  in  th e  i n t e r p r e ta t io n  o f  r e s u l t s ,  th a t  
th e  sam ples te s te d  in  t h i s  th e s i s  had no g e l-c o a t  a p p lie d  to  them (P a r t  I I I ) .
The most im p o rta n t c o n s id e ra t io n  in  t h i s  t h e s i s ,  i s  th e  r e l a t i o n ­
s h ip  betw een la m in a te  s t r e n g th  and v a r io u s  com b in atio n s  o f  w a te r , s t r e s s  
and te m p e ra tu re . R oberts (104) found t h a t  a l im i t in g  s t r a i n  l e v e l  e x i s t e d  
fo r  a p p l ie d  lo a d s  to  a c c e le r a te  en v iro n m en ta l d e g ra d a tio n  in  GRP a t  room 
te m p e ra tu re . T h is  %ms a t t r i b u t e d  i n  th e  ca se  o f  f a b r ic  la m in a te s ,  to  th e  
o n s e t  o f  t r a n s v e r s e  f i b r e  debond c ra c k in g  th a t  o c c u rs  on lo a d in g . S t r a i n  
was used  to  d e f in e  th e  c ra c k  i n i t i a t i o n  p o in t ,  a s  t h i s  was found to  rem ain 
c o n s ta n t ,  w hereas th e  lo a d  l e v e l  v a r ie d  betw een sam p les . The id e a  o f  a 
l i m i t i n g  s t r a i n  to  d e f in e  th e  o n s e t o f  m o is tu re  d e g ra d a tio n  was a l s o  u sed  
by Downey (5 7 ) , and i t s  im portance  a s  a d e s ig n  c r i t e r i a  w i l l  be em phasised 
i n  P a r t  I I I .
R oberts  (104) a l s o  d em o n stra te s  th e  e x is te n c e  o f  th e  synerg ism  
betw een w a te r  and s t r e s s .  GRP exposed to  b o i l in g  w a te r  f o r  5 h o u rs  u n d e r­
went a 26# s t r e n g th  l o s s ,  w h ile  a  lo a d  o f  25# UTS a lo n e  p roduced  no p ro p e r ty  
d e g ra d a tio n . When com bined, f a i l u r e  o c c u rre d  a f t e r  5 m in u te s .
P r i tc h a r d  and T ane ja  (1 05 ,106 ) o u t l in e  th e  ty p e  o f  damage found in
c s m /p o ly e s te r  la m in a te s  exposed to  w a te r  a t  e le v a te d  te m p e ra tu re s  ( 105 ) : -
( i )  Gel c o a t c ra c k s
( i i )  I n te r n a l  d is c  c ra c k s
( i i i )  Debonding o f  f ib r e  ro v in g s
( iv )  R esin  c ra c k s  a s s o c ia te d  w ith  debonding
(v ) W ater accu m u la tio n  around  debonded f i la m e n ts .
In  a  subsequen t r e p o r t  (1 0 6 ), i t  was shown th a t  a s t r a i n  o f  0 .4 #  had to
be induced  b e fo re  m o is tu re  d e g ra d a tio n  was a c c e le r a te d ,  a g a in  b e in g  a t t r i b u t e d  
to  th e  o n se t o f  c ra c k in g . I t  was re p o r te d  t h a t ,  f o r  te m p e ra tu re s  below 
80°C, no s i g n i f i c a n t  s t r e n g th  lo s s  o c c u rre d  a f t e r  500 h o u rs .
I s h a i  ( 107 , 108 ) s tu d ie d  th e  e f f e c t  o f  te m p era tu re  on m o is tu re  
d e g ra d a tio n  a f t e r  long  term  e x p o su re s . I t  was found t h a t ,  a s  p re v io u s ly  
m en tioned , d i f f u s io n  r a t e  in c re a s e d  w ith  te m p e ra tu re , c a u s in g  a co rre sp o n d ­
in g  in c re a s e  in  m o is tu re  d e g ra d a tio n  (1 0 7 ). I t  was a l s o  concluded  th a t  
a s  b e fo re ,  a s t r a i n  l i m i t  to  lo ad  i n t e n s i f i e d  d e g ra d a tio n  e x i s t s .  In  a 
l a t e r  s tu d y  (1 0 8 ) , th e  e f f e c t  o f  m o is tu re  up tak e  on GRP was p re s e n te d  a s  a 
3 - s ta g e  p ro c e s s
( i )  M o istu re  u p tak e  in to  th e  r e l a t i v e l y  la rg e  sp a c e s  i n  th e  m a tr ix ,  
such  a s  p o re s  and c ra c k s .
( i i )  W ater p e n e t r a t io n  to  th e  f ib r e /m a t r ix  i n t e r f a c e
( i i i )  I r r e c o v e ra b le  w eigh t lo s s  due to  le a c h in g .
S ta g e  ( i )  in d u c e s  r e s in  s w e ll in g ,  and r e p r e s e n ts  th e  m ajo r damage mech­
anism  d u r in g  c o ld  w a te r  im m ersion, w h ile  s ta g e  ( i i )  has no perm anent 
d e g ra d in g  e f f e c t .  In  h o t  w a te r  how ever, c o u p lin g  a g e n t h y d ro ly s is  and 
f i b r e  c o r ro s io n  can o c c u r  d u r in g  s ta g e  ( i i ) ,  c a u s in g  perm anent s t r e n g th  
l o s s .  S ta g e  ( i i i )  o n ly  o c c u rs  in  h o t w a te r . An a p p l ie d  lo a d  would 
a c c e le r a t e  a l l  th e s e  m echanism s, a l lo w in g  f ib r e  d e g ra d a tio n  and r e s id u a l  
s t r e n g th  l o s s e s ,  even a t  room te m p e ra tu re . S e v e ra l w o rk e rs , such  a s  
P ro c to r  (16), and Lyons ( $ ) ,  a l s o  r e p o r t  t h a t  no s t r e n g th  lo s s  o c c u rs  in  GRP 
immersed i n  w a te r  a t  te m p e ra tu re s  below
F in a l ly ,  S h o rt e t  a l  (115) looked  a t  woven g la s s /p o l y e s te r  com posites  
exposed  to  th e  m arine en v ironm en t. I t  was found t h a t ,  when u n s tr e s s e d ,  
d i f f u s io n  was p r im a r i ly  due to  t r a n s p o r t  th ro u g h  th e  r e s in  s u r f a c e s .  
S ubsequen t f l e x u r a l  t e s t s  showed th a t  f a i l u r e  o c c u rre d  th ro u g h  weave 
c ro s s -o v e r  d e la m in a tio n , in d ic a t in g  th a t  p r e f e r e n t i a l  m o is tu re  a t t a c k  a t  
th e s e  h ig h  s t r e s s  p o in ts  i n i t i a t e s  debonding .
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C H A P T E R  7
CREEP IN COMPOSITES
7 .1  V is c o e la s t ic  p r o p e r t i e s  o f  com posites
I t  has long  been known t h a t  polym ers e x h ib i t  tim e dependent mech­
a n ic a l  p r o p e r t i e s ,  a t t r i b u t e d  to  m o le c u la r  ch a in  s l i d i n g  u n d er an  a p p l ie d  
lo a d . In  th e rm o s e ttin g  r e s in s ,  c r o s s - l in k in g  red u ce s  th e  c h a in  m o b i l i ty ,  
and th e  v i s c o e l a s t i c  re sp o n se  o f  th e s e  m a te r ia ls  becomes a  fu n c tio n  o f  th e  
c r o s s - l i n k  d e n s i ty  p r e s e n t .  Under c o n s ta n t  lo a d  c o n d i t io n s ,  r e s in s  g iv e  
a  c ree p  re sp o n se  i d e n t i c a l  in  form to  t h a t  found in  m e ta ls  ( f ig u r e  7 .1 )
( 7 ) .  In  th e  p rim ary  c ree p  zone, resp o n se  i s  a com bination  o f  e l a s t i c  and 
c h a in  o r i e n t a t i o n  m echanism s, and i s  re c o v e ra b le .  Secondary  c re e p  o c c u rs  
by  a  v is c o u s  flow  mechanism, and can be c l a s s i f i e d  a s  a  s te a d y  s t a t e  
r e g io n .  D eform ation  i s  i r r e c o v e r a b le ,  a s  i s  t e r t i a r y  c re e p  s t r a i n ,  where 
n eck in g  and f i n a l  f a i l u r e  acc o u n t f o r  th e  r a p id  in c re a s e s  in  s t r a i n  r a t e .
V is c o e la s t ic  m a te r ia ls  can be c a te g o r is e d  in to  l i n e a r ,  and non­
l i n e a r ,  b o d ie s  ( l l 4 ) .  For a  l i n e a r  v i s c o e l a s t i c  body, b o th  th e  e l a s t i c  and 
v is c o u s  s t r a i n s  a r e  p r o p o r t io n a l  to  th e  a p p l ie d  s t r e s s ,  a l lo w in g  a  Hookes 
law  ty p e  a n a ly s i s  to  be u n d e r ta k e n . T h is  h as  been done f o r  b o th  p o ly m ers , 
and  r e s in  m a tr ix  com p o sites  ( 115 ) .
A u s e f u l  p ro p e r ty  o f  th e s e  m a te r ia ls  i s  th a t  th e re  i s  a  t im e -  
te m p e ra tu re  e q u iv a le n c e  i n  p r o p e r t i e s  i . e .  by t e s t i n g  a t  h ig h  te m p e ra tu re , 
re sp o n se  a f t e r  lo n g  tim es  can be p r e d ic te d .  For t h i s  to  be p o s s ib le ,  i t  has 
to  be assumed t h a t  a s in g le ,  th e rm a lly  a c t iv a t e d  damage mechanism o c c u rs  
i n  a v i s c o e l a s t i c  body. P ro p e r ty  p r e d ic t io n s  a r e  made u s in g  th e  
Boltzm ann S u p e rp o s itio n  P r in c ip le ,  based  on th e  tim e- te m p e ra tu re  e q u iv a ­
le n c e  found in  polym ers ( l l 4 ) .  The p r in c ip le  beh ind  d a ta  s h i f t i n g  i s  
shown in  f ig u re  7 .2 ,  where a u n i f ie d  s t r e s s  r e la x a t io n  m a s te r  cu rv e  i s  
p roduced  by s h i f t i n g  d a ta  from a s e r i e s  o f  e le v a te d  te m p e ra tu re  , s h o r t  
t i m e , t e s t s .  S h i f t  f a c to r s  a r e  d e te rm in ed  e x p e r im e n ta lly ,  u s in g  a WLF type
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e q u a tio n  d e fin e d  by Crowson and A rrid g e  ( l l 6 )  a s : -
lo g a ?  = a (T -  Tg ) - ( 7 .1 )
b + T -  Tg
where Tg, th e  g la s s  t r a n s i t i o n  te m p e ra tu re , i s  a  r e fe re n c e  p o in t ,  and a 
and b a r e  c o n s ta n ts .
Many n o n - l in e a r  v i s c o e l a s t i c  b o d ie s  r e q u ir e  th e  u se  o f  v e r t i c a l  
s h i f t  f a c to r s  a s  w e ll .  In t h i s  c a s e ,  th e y  a r e  s a id  to  th e rm o rh e o lo g ic a lly  
com plex m a te r ia ls  (T .C .M .), w hereas l i n e a r  v i s c o e l a s t i c  m a te r ia ls  a re  
th e rm o rh e o lo g ic a lly  s im p le  (T .S .M .) . T h e rm o se ttin g  r e s in s ,  due to  t h e i r  
c r o s s - l in k e d  s t r u c t u r e  a r e  non l i n e a r ,  and hence T .C .M .'s .  The a p p l i c a t io n  
o f  t im e -te m p e ra tu re  s u p e rp o s i t io n  to  th e  p r e d ic t io n  o f  com posite  c re e p  
re sp o n se  w i l l  be f u r th e r  d is c u s s e d  in  8 ,3 * 1 .
Many w orkers have used  v i s c o e l a s t i c i t y  th e o ry  to  e x p la in  th e  tim e 
dependence o f  GRP p r o p e r t i e s .  Y oshida (117) s tu d ie d  th e  dynamic v is c o ­
e l a s t i c  re sp o n se  o f  woven ro v in g  c o m p o site s . I t  was found th a t  th e  com­
p le x  modulus o f  e l a s t i c i t y  depended on g la s s  c o n te n t ( f ig u r e  7 .3 ) .  S in c e  
m ost o f  th e  com posite v i s c o e l a s t i c  re sp o n se  i s  a  fu n c tio n  o f  th e  m a tr ix  
p r o p e r t i e s ,  a s  th e  l e v e l  o f  g la s s  p re s e n t  in c r e a s e s ,  th e  c ree p  re sp o n se  w i l l  
f a l l  a s  shown. With f a b r ic  la m in a te s ,  crim p s t r a ig h te n in g  u n d e r lo a d  
can  o c c u r , e i t h e r  th ro u g h  debonding , o r  a s  a  r e s u l t  o f  m a tr ix  v is c o u s  flo w , 
c a u s in g  f u r th e r  c o m p lic a tio n s  ( 13 . 2 ) .
C om posites a r e  g e n e ra l ly  re g a rd e d  a s  n o n - l in e a r  v i s c o e l a s t i c  m a te r ia ls .  
N ic o la is  e t  a l  ( l l 8 )  a t t r i b u t e s  t h i s  to  th e  p re se n c e  o f  a  h ig h  c r o s s - l in k  
d e n s i ty  re g io n  o f  m a tr ix  a t  th e  i n t e r f a c e ,  t h a t  d i s r u p t s  th e  netw ork flow  
c h a r a c t e r i s t i c s .  A shton (1 1 9 ), S chapery  (1 2 0 ), and Lou and S chapery  (121), 
on th e  o th e r  hand, a t t r i b u t e  n o n - l i n e a r i t y  to  th e  p re se n c e  o f  s t r e s s  
c o n c e n tra t io n s  w ith in  th e  la m in a te ,  w hich can lo c a l l y  a c c e le r a te  v isc o u s  
flow . M atrix  s o f te n in g ,  due to  changes in  c r o s s - l in k  d e n s i ty  in  m o ist 
en v iro n m en ts , fo r  exam ple, a l s o  changes th e  f ib r e /m a t r ix  in t e r a c t io n s  t h a t  
o c c u r , c a u s in g  n o n - l i n e a r i t y .  Woven f a b r i c s  c r e a te  la rg e  s t r e s s  v a r i a t io n s
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w ith in  a la m in a te , making b eh av io u r h ig h ly  n o n - l in e a r ,  and a v i s c o e l a s t i c  
a n a ly s i s  in  t h i s  case  i s  h ig h ly  complex and in a c c u r a te .
O ther d e ta i le d  th e o r e t i c a l  a n a ly s e s  o f  f i b r e  r e in fo rc e d  com posite  
re sp o n se  have been p re s e n te d  by B abich and L ip a to v  (12^), and Pobedrya ( I I 5 ) .  
To sum m arise, tim e dependence in  com p o sites  i s  la r g e ly  a  p ro p e r ty  o f  th e  
v i s c o e l a s t i c  m a tr ix  u sed , c ree p  r a t e s  v a ry in g  w ith  such  f a c to r s  a s  g la s s  
c o n te n t ,  te m p e ra tu re , and c r o s s - l in k  d e n s i ty .  For l i n e a r  sy stem s, s im p le  
m odels e x i s t  f o r  th e  p r e d ic t io n  o f  p r o p e r t i e s .  N o n - l in e a r i ty  in  com­
p o s i t e s  i s  due to  th e  p re se n c e  o f  s t r e s s  c o n c e n tr a t io n s ,  c a u s in g  lo c a l  
p e r tu r b a t io n s  in  th e  b u lk  m a tr ix  re sp o n se . T h is  c o m p lic a te s  a n a l y s i s ,  and 
may p re v e n t th e  u se  o f  t im e - te m p e ra tu re  s u p e rp o s i t io n  f o r  th e  p r e d ic t io n  
o f  lo n g  term  c re e p  resp o n se  ( 8 .3 .1 . )
7 .2  Creep mechanisms in  GRP
In  many p r a c t i c a l  a p p l i c a t io n s ,  th e  c re e p  p r o p e r t i e s  o f  GRP re p re s e n t  
th e  l im i t in g  f a c t o r  in  long  te rm  d e s ig n  c a l c u la t io n s .  A component load ed  
t o ,  s a y , 50^  o f  i t s  s tre n g th ,m a y  undergo  q re e p - ru p tu re  in  tim e , p a r t ­
i c u l a r l y  a t  e le v a te d  te m p e ra tu re s , c a u s in g  a  p o t e n t i a l  h a z a rd . To p r e d ic t  
c re e p  re sp o n se , a d e t a i l e d  know ledge o f  tim e dependen t p r o p e r t i e s  must 
be  o b ta in e d .
Some o f  th e  e a r ly  work on GRP was u n d e rta k e n  by B o tt and B ark er (1 2 4 ). 
I t  was found th a t  cs  m /p o ly e s te r  la m in a te s  were more s u s c e p t ib le  to  c ree p  
th a n  woven f a b r i c s ,  due to  th e  r e s in  dom inated  p r o p e r t i e s  o f  s h o r t  f ib r e  
c o m p o site s . G lass  f i b r e s  were shown n o t to  c re e p , th e  o n ly  d e fo rm a tio n  
o b se rv ed  coming from ro v in g  crim p s t r a ig h te n in g  a s  th e  r e s in  f lo w s . In  
th e  t e r t i a r y  s ta g e ,  e lo n g a tio n  was l a r g e ly  due to  f ib r e  s l ip p a g e  and p u l l -  
o u t d u r in g  f r a c t u r e .  Of g r e a t  re le v a n c e  to  t h i s  t h e s i s  was th e  o b s e rv a tio n  
t h a t  secondary  c ree p  s t r a i n  in c re a s e d  in  d i s c r e t e  s te p s ,  r a th e r  th a n  
c o n tin u o u s ly , in  woven ro v in g  com p o sites  (P a r t  I I I ) ,  a s  shown in  f ig u r e  7 .4 .
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T his  was a t t r i b u t e d  to  a * s l i p - s t i c k '  mechanism o f  i n t e r f a c i a l  a d h e s io n , 
co u p led  w ith  p ro g re s s iv e  f ib r e  ru p tu re .
Diggwa and Norman (125) have o u t l in e d  5 f a c to r s  c o n t r ib u t in g  to  
c re e p  in  GEP:-
( i )  C reep o f  th e  g la s s
( i i )  C reep o f  th e  r e s in
( i i i )  R upture o f  th e  g la s s
( iv )  R esin  f r a c tu r e
(v) R upture o r  s l ip p a g e  a t  th e  i n t e r f a c e .
F ib re  c ree p  i s  an  i n s i g n i f i c a n t  f a c t o r  in  th e  f i n a l  b e h a v io u r . I t  was 
found in  t h i s  work t h a t  s t r a i n  s te p s  o c c u r  in f r e q u e n t ly ,  u s u a l ly  a s  a  r e s u l t  
o f  la rg e  r e s in  c ra c k  fo rm a tio n , and  th e y  a t t r i b u t e d  th e  damage in  f ig u r e  7*4 
to  s l i p - s t i c k  i n  th e  t e s t  equ ipm en t. However, t h i s  w r k  was u n d e rta k e n  
on f i la m e n t wound GRP, w hereas s te p -w is e  s t r a i n  grow th i s  found in  f a b r ic  
la m in a te s .  ( P a r t  I I I ) .
Jan sso n  (126) a ls o  s tu d ie d  th e  ty p e s  o f  damage found d u r in g  f l e x u r a l  
c re e p  in  woven ro v in g  la m in a te s  ( f ig u r e  7 * 5 ) : -
( i )  T ra n sv e rse  w eft f r a c t u r e s  -  th e s e  in c lu d e  r e s in  c ra c k s  ru n n in g  
p a r a l l e l  to  th e  w eft f i b r e s .
( i i )  L o n g itu d in a l w eft f r a c tu r e s  -  th e s e  a p p e a r  in  re g io n s  o f  h ig h  
s h e a r  s t r e s s
( i i i )  I n t r a s t r a n d  f r a c t u r e s  -  th e s e  o c c u r  in  r e s in  r i c h  re g io n s  a t  
ro v in g  c ro s s  o v e rs
( iv )  M inor r e s in  f r a c tu r e s  -  th e se  o c c u r  in  r e s in  r i c h  re g io n s  a s  a r e ­
s u l t  o f  m a tr ix  flow .
A co u stic  em iss io n  m o n ito rin g  was a l s o  u n d e rta k en  d u rin g  c re e p , and th e  
r e s u l t s  show th a t  ve ry  l i t t l e  a c t i v i t y  o c c u rs  in  th e  seco n d ary  c re e p  phase 
( f ig u r e  7 .6 ) .  T h is  was a t t r i b u t e d  to  r e s in  c r e e p , in  th e  absen ce  o f  
c ra c k in g . Rapid in c re a s e s  in  th e  t e r t i a r y  zone a c t i v i t y  co rre sp o n d  to  
f r a c t u r e  i n i t i a t i o n .
B hatnagar e t  a l  (127) found th a t  c ree p  re sp o n se  depends on f ib r e
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o r i e n t a t i o n ,  w ith  maximum c ree p  s t r a i n  o c c u r r in g  in  + 45° la m in a te s ,  
d e m o n s tra tin g  th e  r e s in  dom inant n a tu re  o f  GRP c re e p . I t  was a l s o  found 
th a t  t e r t i a r y  c re e p  was r a r e l y  o b se rv e d , s u g g e s tin g  th a t  f i n a l  f r a c tu r e  
in  c ree p  i s  v e ry  r a p id .  S tu rg eo n  (128) a l s o  a t t r i b u t e s  th e  tim e dependen t 
p r o p e r t i e s  o f  GRP to  th e  r e s in  m a tr ix ,  b u t in  a r a th e r  d i f f e r e n t  way.
When a lo a d  i s  a p p l ie d ,  m a tr ix  c re e p  i s  c o n s tr a in e d  by th e  e l a s t i c  g la s s  
f i b r e s  p r e s e n t .  As a r e s u l t ,  s t r e s s  r e la x a t io n  o c c u rs  w ith in  th e  r e s in ,  
t r a n s f e r r i n g  f u r th e r  lo a d  to  th e  f i b r e s ,  e x te n d in g  them e l a s t i c a l l y .  Thus, 
th e  tim e dependen t e lo n g a tio n  observ ed  i s  a  r e la x a t io n  e f f e c t ,a n d  th e  
phenomenon i s  th u s  known a s  * r e la x a t io n  c re e p * . T h is  model e x p la in s  c re e p  in  
u n id i r e c t i o n a l  GRP.
Holmes and Rahman (129) s tu d ie d  f l e x u r a l  c ree p  in  woven f a b r ic  lam­
in a t e s ,  o u t l in in g  th e  v a r io u s  s ta g e s  o f  GRP c r e e p : -
( i )  G radual s t r a ig h te n in g  o f  woven ro v in g s  u nder lo a d , a s s i s t e d  by 
m a tr ix  c re e p .
( i i )  R esin  c re e p  in  h ig h  s t r e s s  r e g io n s ,  such  a s  f i b r e  b re a k s  and 
weave c r o s s - o v e r s .
( i i i )  P ro g re s s iv e  debonding w ith  su b seq u en t f i la m e n t s l i p  r e l a t i v e  
to  th e  r e s in  and o th e r  f i b r e s .
( iv )  In  th e  l a t t e r  s ta g e s  o f  c re e p , f i b r e s  become o v e rlo a d ed  due 
to  ( i )  -  ( i i i ) ,  c a u s in g  random p e r io d ic ,  f i la m e n t r u p tu r e ,  
th e  r a t e  o f  which a c c e le r a t e s  to  f r a c t u r e .
C reep s t r a i n  a l s o  in c r e a s e s  w ith  lo a d , due to  a c c e le r a te d  r e s in  flow  and 
h ig h e r  p rim ary  c ree p  damage l e v e l s .
L i lh o l t  ( 130 ) shows th a t  th e  p re se n c e  o f  g la s s  f i b r e s  in  GRP a c t  to  
reduce  th e  r e s in  c re e p  r a t e ,  in  ag reem ent w ith  p re v io u s  f in d in g s  (1 2 8 ).
A model o f  c re e p  based  on m e ta l l ic  c re e p  law s (8 .1 )  i s  o u t l in e d ,  and 
shown to  work w e ll w ith  m e ta l m a tr ix  c o m p o site s , a s  was a  s im i la r  model 
propounded by S t r e e t  ( I 3 I ) .  These m odels g iv e  no r e a l  in s ig h t  in to  
th e  o p e r a t io n a l  mechanisms o f  GRP c re e p , w ith o u t which th e  a p p l i c a b i l i t y
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o f  Buch models i s  h ig h ly  s u sp e c t ( 8 ,2 ) .
S e v e ra l o th e r  w orkers have s tu d ie d  v a r io u s  a s p e c ts  o f  GRP. C herry  and 
H a rriso n  (132) shows t h a t , under a  s t a t i c  f l e x u r a l  lo a d , th e  s t r e n g th  o f  
GRP red u ce s  by up to  ^0% a f t e r  1 y e a r ,  a t t r i b u t i b l e  to  tim e dependent c rac k  
grow th . Weidemann and O gorkiew icz (1 3 3 ), and Koeneman and R ic h e r (134), 
b o th  d em o n stra te  th a t  c ree p  i s  a m a tr ix  dom inated p ro p e r ty ,  c ree p  r a t e  b e in g  
found to  v ary  w ith  f i b r e  o r i e n t a t i o n  in  u n id i r e c t i o n a l  co m p o site s .
In  c o n c lu s io n , c re e p  in  GRP i s  a  fu n c tio n  o f  th e  m a tr ix  v i s c o e l a s t i c  
re sp o n se , c o n s tra in e d  to  some e x te n t  by th e  g la s s  f i b r e s .  S t r e s s  b u i ld  
ups can o ccu r a s  a  r e s u l t ,  c a u s in g  r e s in  and  f ila m e n t damage grow th , 
f i b r e  e lo n g a tio n  due to  m a tr ix  r e la x a t io n  ( 128 ) ,  crim p s t r a ig h te n in g  in  
f a b r i c s  e t c . , a s  a  fu n c tio n  o f  tim e . R upture o c c u rs  by th e  acc u m u la tio n  
o f  d am ag e ,lead in g  to  com posite  s t r e n g th  lo s s  (1 3 2 ). Creep re sp o n se  i s  a 
fu n c t io n  o f  g la s s  c o n te n t ,  f ib r e  o r i e n t a t i o n  and c o n f ig u ra t io n  ( s t r a i g h t  o r  
w oven), r e s in  fo rm u la tio n , i n t e r n a l  s t r e s s  l e v e l s ,  a p p l ie d  lo a d ,a n d  
te m p e ra tu re .
7 .3  C re e p -ru p tu re  o f  GRP
The u s u a l method to  d e te rm in e  th e  lo n g  term  p r o p e r t i e s  o f  GRP i s  
th e  c re e p , o r  s t r e s s ,  ru p tu re  t e s t ,  where sam ples a r e  loaded  to  v a r io u s  
f r a c t i o n s  o f  t h e i r  s t r e n g th ,  and th e  tim e to  f a i l u r e  ( t t f )  re c o rd e d . P lo ts  
o f  lo a d  a g a in s t  lo g  ( t t f )  a r e  th e n  used  to  e x t r a p o la te  s h o r t  term  d a ta  
(up to  2 y e a rs )  ,to  p r e d ic te d  lo a d  l e v e l s  f o r  f a i l u r e  a f t e r ,  say  30 y e a r s .
T h is  method has been shown to  work w e ll w ith  i s o t r o p i c  m a te r ia ls  ( 8 .1 ) ,  
where c re e p  i s  governed by a s in g le  a c t iv a t e d  mechanism. Com posite 
re sp o n se  i s  co m p lica ted  by i t s  a n i s o t r o p ic  n a tu re ,  and s e v e r a l  i n t e r r e l a t e d  
mechanisms have to  be c o n s id e re d . C re e p -ru p tu re  p lo t  l i n e a r i t y  can n o t, 
th e r e f o r e ,  alw ays be assumed (4 ) ( f ig u r e  1 .1 ) .
The d eg ree  o f  l i n e a r i t y  p re s e n t  has been shown to  depend on th e  
d eg ree  o f  r e s in  dominance in  th e  c ree p  re sp o n se  (1 3 5 ,1 3 6 ) . S te e l  (135) 
shows t h a t ,  r a i s i n g  th e  t e s t  te m p e ra tu re  f o r  woven ro v in g  c ree p  t e s t s .
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im proved th e  c re e p  ru p tu re  p lo t  l i n e a r i t y ,  by r a i s i n g  th e  m a tr ix  c ree p  
re s p o n s e , a llo w in g  fo r  crim p s t r a ig h te n in g .  R esin  flow  i s  an a c t iv a te d  p ro c e s s ,  
hence s ta n d a rd  c re e p  '* aws a p p ly . T h is  was a l s o  shown by Chiao e t  a l  
( 136 ) ,  where c re e p  was shown to  have no e f f e c t  on th e  f ib r e s  u n t i l  
r u p tu re  i n i t i a t e s .
The r e l i a b i l i t y  o f  GRP com ponents in  s e r v ic e  i s  l a r g e ly  a  r e s u l t  o f  
o v e rd e s ig n , s a f e ty  f a c to r s  o f  15-20 b e in g  n o t uncommon. T h is  i s  uneconom ical, 
and lo n g  te rm  d e s ig n  d a ta  i s  r e q u ire d  to  im prove t h i s  s i t u a t i o n .
Desvaux and  S m ith  (137) o u t l in e  th e  re q u ire m e n ts  f o r  such  t e s t  programm es.
( i )  R e p l ic a te  t e s t s  sh o u ld  be u n d e rta k e n  a t  a v a r ie ty  o f  lo a d s
( i i )  E x p erim en ta l d a ta  sh o u ld  ex ten d  to  -J o f  th e  d e s ig n  l i f e ,  
re d u c in g  e x t r a p o la t io n  e r r o r s .
( i i i )  C ost e f f i c i e n c y  must be m axim ised.
S a f e ty  f a c t o r s  a r e  s t i l l  en v isag e d  to  acc o u n t f o r  en v iro n m en ta l e f f e c t s .
T h is  r o u t in e  a p p e a rs  s im p le , b u t GRP s u f f e r s  g r e a t ly  from v a r i a b i l i t y  in  
i t s  m ech an ica l re sp o n se  ( 5 .3 ) ,  w hich can cau se  a  la r g e  d eg ree  o f  sp re a d  
i n  t t f  ( f ig u r e  7 . 7 ) .  At th e  same lo a d  l e v e l ,  lo g  ( t t f )  can  v a ry  by 
4 o rd e r s  o f  m ag n itu d e . T h is  i s  m a in ly  due to  th e  v a ry in g  s t r e n g th  o f  
GRP sam p les . R e p lic a te  t e s t s ,  a t  th e  same lo a d  l e v e l ,  do n o t g iv e  
i d e n t i c a l  % s t r e n g th  v a lu e s  w ith in  each  t e s t  p ie c e ,  th u s  t t f  a t  an  assumed 
lo a d  o f ,  s a y , UTS, w i l l  vary , s in c e  some sam ples may be a t  60% UTS, 
w h ile  o th e r s  a r e  o n ly  lo a d e d  to  40^ UTS. T h is  i s  a  problem  in h e re n t  to  c re e p - 
ru p tu re  t e s t i n g ,  and %d.ll o n ly  be overcome when a  means o f  d e te rm in in g  th e  
t e s t - p i e c e  s t r e n g th  p r i o r  to  a  c r e e p - ru p tu re  programme, has been d eveloped .
T h is  p o in t  i s  i l l u s t r a t e d  by A veston and S illw o o d  (1 3 8 ) ,  where u n id i r e c t i o n a l  
co m p o site s  (low  s t r e n g th  v a r ia n c e ) , show low l e v e l s  o f  c re e p - ru p tu re  tim e 
v a r i a b i l i t y .
To e n a b le  e x t r a p o la t io n ,  th e  s t a t i s t i c a l  v a r ia n c e  i n  GRP p r o p e r t i e s  
must be a llo w ed  f o r , i n  one o f  two ways ( 137 ) : -
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( i )  T es t s u f f i c i e n t  sam ples to  re v e a l th e  e x te n t o f  th e  s c a t t e r  
bands, d e te rm in e  th e  g la s s  c o n te n t o f  each t e s t  p ie c e ,  and 
n o rm alise  th e  a p p l ie d  s t r e s s  a c c o rd in g ly .
( i i )  D eterm ine g la s s  c o n te n t n o n - d e s t r u c t iv e ly ,  th e n  p r e - s e l e c t  
sam ples to  o b ta in  s c a t t e r  band v a lu e s .
The fo rm er ap p ro ach  i s  tim e consum ing, s in c e  w e ll o v e r  100 r e p l i c a t e  
t e s t s  would be r e q u ir e d  a t  each lo a d  le v e l  (1 3 9 ,l4 0 )  (Appendix l ) .
The l a t t e r  method has been  used  w ith  some su c c e ss  (1 3 7 ), u s in g  d e n s i ty  , 
x - r a y ,  and r a d io g ra p h ic , te c h n iq u e s  to  m easure th e  g la s s  c o n te n t .
The e f f e c t  o f  f i b r e  c o n te n t can be a llo w ed  f o r ,u s in g  s ta n d a rd s  l a i d  
down in  BS 4994 ( l 4 l ) .  In  t h i s  c a s e ,  th ic k n e s s  e f f e c t s  a r e  e l im in a te d  
by d e f in in g  s t r e n g th  in  te rm s o f  th e  U ltim a te  T e n s i le  U n it Load (UTUL): -
BREAKING LOAD
" SAMPLE WIDTH X GLASS CONTENT - ( 7 .2 )
An av e ra g e  v a lu e  o f  Vf i s  u sed  in  t h i s  e x p re s s io n , so  th e  o b serv ed  s c a t t e r  
i s  n o t g r e a t ly  reduced* I t  does have th e  ad v an tag e  o f  s im p l i c i ty ,  and was 
th u s  used i n  t h i s  t h e s i s  (P a r t  I I ) .  Lyons and P h i l l i p s  (142) used  a 
s im i l a r  ap p ro ach , d e f in in g  ah  U ltim a te  R einforcem ent S t r e s s  (URS) a s : -
^  - ( 7 .3 )
More complex a n a ly s e s ,  u s in g  W eibull s t a t i s t i c s ,  have been  p re s e n te d  by 
w orkers such a s  L i f s h i t z  (1 4 3 ), Robinson and Chiao ( l4 4 ) ,  Chiao e t  a l  
(1 4 5 ) , and Hahn and Chiao ( l4 6 ) .  They a l l  assume th a t  r e s u l t s  s c a t t e r  i s  
a  fu n c tio n  o f  th e  s t r e n g th  v a r ia t io n  found in  th e  ro v in g  f i la m e n ts .
P h i l l i p s  ( l4 ? )  o u t l i n e s  5 assu m p tio n s  th a t  a re  in h e re n t  to  th e  
c o n v e n tio n a l c r e e p - ru p tu re  t e s t : -
( i )  Below th e  f a i l u r e  s t r e s s  ( ^ o ) ,  a f u n c t io n a l  r e l a t io n s h ip  
e x i s t s  betw een a p p l ie d  lo a d  ( ^ t ) ,  and t t f .
( i i )  *^t/*^o i s  a p a ra m e te r  t h a t  m easures th e  ten d en cy  f o r  d e layed  
f a i l u r e .
( i i i )  ^o i s  a re p ro d u c ib le  m a te r ia l  p ro p e r ty
7 3
( iv )  can be measured in  a s h o r t  term t e s t
( V) The fu n c t io n a l  - l a t io n s h ip  between s t r e s s  and t t f , i s  o f  the
form : -
o
—  = A -  B log  t  A, B a re  c o n s ta n ts  - ( 7 .3 )
With the ex ce p t io n  o f  ( i i i ) ,  which i s  allow ed f o r  in  the  above models, 
a l l  the  n o rm a l is a t io n  te ch n iq u es  d iscu ssed  r e ly  on these  a ssum ptions .  In 
g e n e ra l ,  th e se  f a c t o r s  do not app ly  in  com posites ,  and a more complex 
r e l a t i o n s h i p  between s t r e s s  and t t f  e x i s t s .  Thus, the  s t r e s s - r u p t u r e  
t e s t  can be seen  to  be in ad eq u a te  fo r  the  a c c u ra te  p r e d i c t i o n  o f  long 
term GRP p r o p e r t i e s .
7 .4  Environm ental e f f e c t s
I t  has been dem onstra ted  (6 .4 )  t h a t  m ois tu re  degrades the  mechanical 
p r o p e r t i e s  o f  g l a s / p o l y e s t e r  com posites .  Under creep  c o n d i t io n s ,  the  
i n t e r r e l a t i o n s h i p s  between s t r e s s ,  te m p era tu re ,  m ois tu re  and t t f  would be 
expec ted  to  change the  observed  behav iour ( 7 -2 ) .  Creep s t r a i n s  a re  g r e a t ly  
m agnified  i n  w a te r ;  i n c r e a s e s  o f  upto  200% have been r e p o r te d  fo r  GRP (124). 
A llan  ( l4 8 )  found t h a t  t h i s  in c re a s e  i s  a fu n c t io n  o f  f i b r e  o r i e n t a t i o n ,  
i  . e .  much l a r g e r  in c r e a s e s  found in  90° lam in a tes  when exposed to  w ater, 
th an  were observed  in  th e  0° d i r e c t i o n  ( r e s in  dominance). Wang and 
Wang (149) a t t r i b u t e  t h i s  in c re a s e  to  r e s in  p l a s t i c i s a t i o n  du r in g  immersion. 
H ydro lys is  r e a c t i o n s  reduce the  c r o s s - l i n k  d e n s i ty  o f  th e  p o ly e s t e r  m a tr ix ,  
a l lo w in g  g r e a t e r  cha in  m o b i l i ty ,  and hence v iscous  flow (c re e p ) .
Hoa ( 150 , 151 ) found f o r  SMC, t h a t  l a r g e r  creep  s t r a i n s  occurred  in  
w ater ,  and t h a t  immersion extended the  t e r t i a r y  creep  re g io n .  SMC 
i s  a low g la s s  c o n te n t  com posite , and a g a in  m atrix  creep  in  w ater  was used 
to  ex p la in  th e  observed  changes. Data s c a t t e r  a l s o  reduced in  w ater 
( 150 ), p robab ly  a s  a r e s u l t  o f  a d ecrease  in  notch s e n s i t i v i t y  due to  
m a tr ix  p l a s t i c i s a t i o n .  A « u p r is in g  r e s u l t  ( I 5I ) ,  was the  o b s e rv a t io n
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t h a t  c re e p  l i f e  was g r e a t e r  in  w a te r  than  a i r ,  c o n t r a r y  to  g e n e ra l  o p in io n .  
Much o f  t h i s  i n c r e a s e ,  however, was due to  the  ex tended  n a tu re  o f  th e  t e r t i a r y  
r e g io n ,  a s  a d i r e c t  r e s u l t  o f  r e s i n  p l a s t i c i s a t i o n .  T h is  i s  n o t  found in  
f i b r e  dom inated c o m p o s i te s ,  though ev idence  o f  i n c r e a s e s  i n  t e r t i a r y  c reep  
f o r  f a b r i c  l a m i n a t e s ,  has been found i n  t h i s  t h e s i s  (1 2 .4 )
Wu and Ruhman (152 ,153) found t h a t  t t f  i s  reduced in  an a c t i v e  
environm ent (b e n z e n e ) .  M atr ix  s w e l l in g  s t r e s s  g e n e r a t io n  was found to  be 
i n s u f f i c i e n t  to  e x p la in  t h i s  r e d u c t i o n . I n s t e a d ,  i t  was c o n s id e re d  t h a t  
s o r p t io n  re d u c e s  th e  ene rgy  r e q u i r e d  to  c r e a t e  new s u r f a c e s  i n  a  sample, 
i n i t i a t i n g  debonding , c rack  fo rm a t io n  e t c . ,  l e a d in g  to  p rem a tu re  r u p tu re  
th ro u g h  damage a c c u m u la t io n .  M ois tu re  i s  c o n s id e re d  to  behave i n  a  
s i m i l a r  f a s h io n .
The r e d u c t io n  in  t t f  commonly found on Immersion, has  been a t t r i b u t e d  
to  s t r e s s - c o r r o s i o n  o f  th e  E - g la s s  r e in fo rc e m e n t  ( 5 ) .  T h is  mechanism i s  w e l l  
known to  cause  f a i l u r e  i n  a c i d  o r  a l k a l i  env ironm ents  (1 0 4 ) ,b y  r e a c t i o n s  
a l r e a d y  d i s c u s s e d  ( 2 . 5 ) .
H ull and Hogg (154) found t h a t  t r a n s v e r s e  c rac k  damage, formed 
d u r in g  lo a d in g ,  a c c e l e r a t e s  th e  s t r a i n  c o r r o s io n  o f  GRP. For an  a c id  
env ironm en t,  4 s t a g e s  o f  n u c lé a t io n  and growth were i d e n t i f i e d  ( f ig u r e  
7 . 8 ) : -
( i )  V i s c o e l a s t i c  re sp o n se  on lo a d in g  (environm ent i n s e n s i t i v e )
( i i )  Load r e l a x a t i o n  due to  slow  d e fo rm a tio n  and m i c r o - f r a c t u r e .
Crack n u c l é a t i o n ,a n d s l o w  growth o c c u rs  i n  t h i s  r e g io n .
( i i i )  Sharp  f a l l  i n  load  due to  the  growth o f  l a r g e  s t r a i n  c o r ro s io n  
c ra c k s  and d e la m in a t io n s .
( iv )  Rapid, u n s t a b l e ,  c rack  p ro p o g a t io n ,  le a d in g  to  f r a c t u r e .
P r i c e  and Hull (155) show t h a t  s t r e s s - c o r r o s i o n  i s  a b r i t t l e  
c rack  p ro p o g a t io n  p r o c e s s ,  c r e a t i n g  a smooth f r a c t u r e  s u r f a c e .  In  
e s se n c e ,  a c ra c k  t h a t  would no t p ro p o g a te  u n d e r  th e  a p p l i e d  lo a d ,  can do 
60 in  a c o r r o s iv e  environm ent, by c rack  t i p  d i s s o l u t i o n  ( 2 .7 . ) .  S t r e s s
75
c o n c e n t ra t io n s  a t  the crack t i p  enhance c o r ro s io n ,  p re v e n t in g  crack 
b lu n t in g  t:.rough genera l c’ 1 ?rso 1 u t io n .  Jones e t  a l  (156), and Hogg (157), 
show th a t  c o r ro s io n  r a te  i s  a fu n c t io n  o f  the  d i f f u s io n  r a t e  o f  a c t iv e  
sp e c ie s  to  the  crack t i p ,  and m a tr ix  f r a c t u r e  * oughness. In a b r i t t l e  
m a tr ix ,  s t r e s s  c o r ro s io n  f a i l u r e  o f  a f i b r e  can cause th e  p ropoga tion  o f  a 
r e s in  crack to  the  ne ighbouring  f i l a m e n t ,  cau s in g  ra p id  f r a c t u r e .  A tough 
m a tr ix  r a t a r d s  crack  p ropoga tion  through b lu n t in g ,  r e q u i r i n g  the  d i f f u s io n  
o f  f u r th e r  co rroden t to  the c rack  t i p  to i n i t i a t e  f r a c t u r e  in  a n e igh ­
bouring  f i lam en t ( f ig u re  7 . 9 ) .  These co n c lu s io n s  have been confirmed 
by workers such as  Birch-Ki^^e nyi e t  a l  ( I 5 8 ) ,  and Hogg e t  a l  (159).
Lyons (5 ) extended the  above arguem ents to  th e  ca se  o f  c sm /p o ly e s te r  
lam in a te  c re e p - ru p tu re  in  w a te r .  Water, p re s e n t  in  io n ic  form, hydro lyses  
g l a s s  f i b r e  s u r f a c e s ,  by hydrogen ion  s u b s t i t u t i o n  when under s t r e s s ,  
i n i t i a t i n g  s t r e s s  c o r ro s io n  f a i l u r e .  However, Wyatt (24) dem onstra tes  
t h a t  E -g la ss  f i b r e s  corrode  in  w ate r ,  w hether u nder  load  o r  n o t .  F u r th e r ­
more, r e s in  h y d ro ly s is  du r in g  immersion causes  an in c re a s e  t n  m a tr ix  
to u g h n ess ,  which r e t a r d s  s t r e s s - c o r r o s i o n  c rack  p ro p o g a tio n  (155-159).
I t  i s  f e l t  t h a t , when immersed, f i b r e  c o r ro s io n  i s  a c c e l e r a t e d ,  no t 
i n i t i a t e d ,  as would be the  case  i n  s t r e s s - c o r r o s i o n .  Thus, i t  would be 
more a c c u ra te  to  d e sc r ib e  th e  f i b r e  d eg ra d a t io n  mechanism in  w ate r  as 
s t r e s s - e n h a n c e d -c o r ro s io n ,  r a t h e r  than  s t r e s s  c o r ro s io n ,  s in c e  th e  
l a t t e r  is  a c o n jo in t  a c t io n ,  whereas c o r ro s io n  has been found to  occur 
in  th e  absence o f  load .
In  co n c lu s io n ,  w ater can a f f e c t  the  c reep  response o f  GRP in  two 
main ways. F i r s t l y ,  r e s in  h y d ro ly s is  le a d s  to  an in c re a s e  in  c reep  s t r a i n ,  
and ex ten s io n  o f  the  t e r t i a r y  creep  r e g io n .  S u rface  energy  requ irem en ts  
f o r  flaw  growth a r e  a lso  reduced, weakening the  la m in a te .  Secondly , 
f i b r e  s t r e n g th  lo s s  as  a r e s u l t  o f  aqueous c o r ro s io n  reduces the  t t f  
o f  a sample a t  any given load .
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C H A P T E R  8
ACCELERATED CHARACTERISATION OF GRP 
8 . 1 M e ta l l i c  c reep  laws
S ince  most c u r r e n t  GRP d e s ig n  p r e d i c t i o n s  a r e  made u s in g  te c h n iq u e s  
developed  f o r  m e ta l s ,  some m ention o f  th e s e  methods sh o u ld  be in c lu d e d  in  
t h i s  rev iew . M e ta l l i c  c re e p  re sp o n se  i s  a c l a s s i c ,  t h r e e  s ta g e  p ro c e s s  
( f i g u r e  7 . 1 ) .  In  th e  p r im ary  r e g io n ,  c re e p  i s  due to  p l a s t i c  d e fo rm a t io n ,  
t h a t  i s  r e s i s t e d  by s t r a i n  h a rd e n in g .  T h is  i s  a f u n c t io n  o f  lo g  ( t im e  ), 
and  i s  known a s  * lo g a r i th m ic  creep* ( l 6 0 ) .
Secondary  c ree p  i s  a  s te a d y  s t a t e  p r o c e s s ,  caused  by d i s l o c a t i o n  
c l im b ,  which overcomes th e  o r i g i n a l  s t r a i n  h a rd e n in g .  T h is  i s  an  a c t i v a t e d  
p r o c e s s ,  dependent on d i s l o c a t i o n  d i f f u s i o n  r a t e ,  and i s  known a s  *power 
law* c re e p  i n  consequence . I t  i s  t h i s  r e g io n  t h a t  i s  th e  most im p o r ta n t  i n  
e n g in e e r in g  d e s ig n ,  and most e x t r a p o l a t i o n  te c h n iq u e s  a r e  based  on th e  
re sp o n se  i n  t h i s  zone. F i n a l l y ,  t e r t i a r y  c re e p ,  r e s u l t i n g  from c a v i t a t i o n ,  
c ra c k  fo rm a t io n  e t c . ,  l e a d s  to  neck in g  down and f r a c t u r e .  T h is  a g a in  
i s  an  a c t i v a t e d  p r o c e s s .
D e ta i le d  a n a l y s i s  o f  th e  damage mechanisms o p e r a t in g  i n  th e  v a r io u s  
c re e p  r e g io n s ,  a s  shown by Ashby and Jo n es  ( l 6 l ) ,  i s  t im e consuming, and 
much s im p le r  a p p ro a c h e s ,  such  a s  s t r e s s - r u p t u r e  t e s t i n g ,  a r e  n o rm a l ly  
u sed  in  p r a c t ic e .M o d e ls  have been deve loped ,  based  on power law c re e p  
re s p o n s e ,  t h a t  can f a i r l y  a c c u r a t e l y  p r e d i c t  long  term b e h a v io u r  from 
s h o r t  term t e s t s .  In  th e  secondary  r e g io n ,  i t  has  been e s t a b l i s h e d  t h a t  
an  A rrhen ius  r e l a t i o n s h i p  e x i s t s  between s t r a i n  r a t e  and s t r e s s  (7 ,  160, 
161 , 162 , 163 ) .  H a r r i s  ( l6 4 )  p r e s e n t s  a summary o f  some o f  th e  most 
commonly u s e d  m odels .
8 .1 .1  Dorn model
T h is  assumes t h a t  s t r a i n  r a t e  (Ê ) v a r i e s  a c c o rd in g  t o : -
/ y
£ = Af(o) e - ( 8 .1 )
where f (<n) can be any re q u ire d  fu n c t io n .  P lo ts  o f  E VS l /T  g ive  the  
a c t i v a t i o n  energy , Q, from which a lo^; ( E + QAT) VS logo  m aste r  
p l o t  can be o b ta in e d .  This  approach dopc not r e q u ire  the  use o f  e x t r a ­
p o la t i o n ,  b u t  does r e q u i r e  c ree p ,  r a t h e r  than  th e  s im p le r  s t r e s s - r u p t u r e ,  
t e s t s  to  be u ndertaken .  No knowledge o f  th e  o p e r a t io n a l  s t r e s s  fu n c t io n  
i s  r e q u i r e d .
8 .1 .2  L a rso n -M il le r  model
This i s  the  most w idely  a p p l ie d  model, based on th e  s t r e s s -  
r u p tu r e  t e s t ,  where i t  i s  assumed th a t  : -
£ = 1 - ( 8 . 2 )
t . t . f .
From t h i s .
- lo g  ( t t f )  -  Log A -  - ( 8 . 3 )
kT
A m a s te r  curve can be o b ta in ed  from t h i s  by p l o t t i n g  the  l a r s o n - M i l l e r  
p a ra m e te r ,  P(where P = T ( lo g  A + log  t t f ) ) , a g a i n s t  lo g o  . This  i s  a sim ple 
e x t r a p o l a t i o n ,  bu t in a c c u ra c ie s  can be in t ro d u c e d  by i t s  e aq ) i r ic a l  n a tu re .
A s i m i l a r  approach  to  t h i s  i s  th e  Manson-Hafferd model, where 
a m odified  form o f  P i s  used , though a g a in  the  e m p ir ic a l  n a tu re  o f  t h i s  
te ch n iq u e  le a d s  to  problems in  e x t r a p o la t io n .
A ll the  models mentioned a re  c u r v e - f i t  e x e r c i s e s ,  and th e  r e s u l t s  
o b ta in e d  from the*  a re  no t c o n s i s t e n t .  In a c c u ra c ie s  in  a l l  the  models 
te n d  to  o v e r - p r e d i c t  des ign  l i v e s ,  w ith  p o t e n t i a l l y  dangerous consequences. 
D esp ite  t h i s ,  w ith  s a f e ty  f a c t o r s ,  they  a re  a l l  ft?  ̂ r l y  s u c c e s s f u l ly  used 
in  des ign  c a l c u l a t i o n s .  S ince  composite c reep  response i s  o f  the  same b as ic  
form as t h a t  found in  m e ta ls ,  i t  was decided  to  use th e  w idely  acc ep ted  
s t r e s s - r u p t u r e  te ch n iq u es  a l re a d y  in  e x i s t e n c e , t o  p r e d i c t  th e  long term 
p r o p e r t i e s  o f  GRP, w ith  l im i te d  su ccess  ( 8 .2 ) .
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8 .2  C u r re n t  GRP d es ig n  c r i t e r i a
When d e s ig n in g  a load  b e a r in g  comporr>r,+ from GRP, i t  must be 
en su re d  t h a t  th e  d e s ig n  s t r e s s e s  a r e  i n s u f f i c i e n t  to  cause  f r a c t u r e ,  
th ro u g h o u t  i t s  p r e d ic te d  s e r v i c e  l i f e .  T h is  means t h a t  d e s ig n  p r e d i c t i o n s  
must a c c o u n t  f o r  c re e p ,  and c r e e p - r u p t u r e , mechanisms t h a t  o p e ra te ,m a k in g  
th e  s t a n d a r d  e n g in e e r in g  p r a c t i c e  o f  d iv i d in g  th e  UTS by a s a f e t y  f a c t o r  
u n s a t i s f a c t o r y .  T h is  ap p ro ac h ,  e n s h r in e d  in  th e  c u r r e n t  s ta n d a rd s  l e a d s  
e i t h e r  to  c h ro n ic  o v e rd e s ig n ,  o r  p rem atu re  f a i l u r e .
R o b e r ts  (104) has  rev iew ed a l l  th e  c u r r e n t  d e s ig n  m ethods, in c lu d in g  
t h a t  above . Some a t te m p ts  a r e  made to  q u a n t i f y  s t r e s s - r u p t u r e  e f f e c t s ,  by 
u n d e r ta k in g  s h o r t  term t e s t s  (up to  3 y e a r s ) ,  then  e x t r a p o l a t i n g  d a ta  
u s in g  m o d if ie d  m e t a l l i c  c re e p  models ( e . g .  l a r s o n - M i l l e r ) .  To reduce  
t h e  d a t a  s c a t t e r  problem s a l r e a d y  d i s c u s s e d  ( 7 .3 ) ,  a  whole h o s t  o f  
s t a t i s t i c a l  n o r m a l i s a t i o n  te c h n iq u e s  have been d e v e lo p e d , to  endeavour to  ensu re  
t h a t  th e  c r e e p - r u p t u r e  cu rve  g r a d i e n t  i s  a c c u r a t e l y  de te rm ined  ( l 4 7 ) ,  w ith  
l i t t l e  s u c c e s s .
A l l  c u r r e n t  d e s ig n  models s u f f e r  from a la c k  o f  p h y s i c a l  s i g n i f i c a n c e .
A l i n e a r  r e l a t i o n s h i p  between s t r e s s  and lo g  ( t t f )  has been shown n o t  to  
e x i s t  ( f i g u r e  l . l ) ,  r e s u l t i n g  i n  dangerous o v e r - e s t im a te s  o f  sample l i f e ,  
p a r t i c u l a r l y  i n  h o s t i l e  env ironm en ts  (1 4 7 ) .  As a r e s u l t ,  l a r g e  s a f e t y  
f a c t o r s  s t i l l  have to  be a p p l i e d ,  l e a d in g  to  uneconomic o v e rd e s ig n .
I t  can be seen  t h a t  th e  methods c u r r e n t l y  used to  d e te rm in e  th e  
lo n g  terra b e h a v io u r  o f  GRP o v e r  s e v e r a l  d e c a d e s ,  a r e  t o t a l l y  e m p i r i c a l .
To improve t h i s  s i t u a t i o n ,  damage mechanisms must be i d e n t i f i e d ,  and 
models d e v e lo p e d , t h a t  a r e  sound ly  based on th e  observed  c ree p  r e s p o n s e .
T h is  i s  a complex p rob lem  due to  th e  non-homogeneous, a n i s o t r o p i c  p r o p e r t i e s  
o f  GRP, b u t  must be o ve rcom e ,be fo re  th e  f u l l  p o t e n t i a l  o f  GRP com posites  
can  be d e v e lo p ed .
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8.3» Creep p r e d i c t i o n  models
In  r e c e n t  y e a r s ,  a whole h o s t  o f  models based on th e  observed  c re e p  
re sp o n se  have been developed , w ith  v a ry in g  s u c c e s s .  Menges and Roskothen 
( 165 ) reg a rd ed  th e  la m in a te  a s  a l i n e a r  v i s c o e l a s t i c  body. Complex
s t r e s s - s t r a i n  r e l a t i o n s h i p s  were th e n  deve loped ,  and s u b s t i t u t e d  i n t o
Laminated P l a t e  Theory ( 5 .4 ) .  T h is  model, a p a r t  from b e in g  u n r e a l i s t i c a l l y  
complex a s  a d e s ig n  c r i t e r i o n ,  s u f f e r s  from o t h e r  drawbacks. F i r s t l y ,  
most com posites  show n o n - l i n e a r  v i s c o e l a s t i c  re s p o n s e ,  and sec o n d ly .
Laminated P l a t e  Theory o n ly  a p p l i e s  to  h igh  p e rfo rm ance ,  p l i e d  la m in a te s ,  
w hereas most GRP i s  used in  ch o p p ed ,o r  w o v e n ,fo rm u la t io n s .
The two most p o p u la r  ap p roaches  t o  t h i s  problem a r e : -
( i )  T im e-tem pera tu re  s u p e r p o s i t i o n
( i i )  C h a in -o f-b u n d le s  th e o ry
I n  th e  form er, c re e p  i s  reg a rd ed  a s  a r e s i n  dom inated e f f e c t ,  w h ile  i n  
t h e  l a t t e r ,  tim e dependent f a i l u r e  i s  c o n s id e re d  t o  be f i b r e  dom inated .
8 . 3 .1  Tim e-Temperature S u p e rp o s i t io n
The p r i n c i p l e s  beh ind  t im e - te m p e ra tu re  s u p e r p o s i t i o n  i n  polym ers  have 
a l r e a d y  been summarised (7*1) ,  and dem o n stra ted  s c h e m a t ic a l ly  ( f i g u r e  7 . 2 ) .
The assum ption  in h e re n t  to  t h i s  model, i s  t h a t  te m p e ra tu re  changes a l t e r  
t h e  r a t e  o f  a d e fo rm atio n  mechanism, n o t  th e  mechanism i t s e l f .  Many 
w orkers  have ex tended  th e  u se  o f  t h i s  th e o ry  to  th e  a r e a  o f  r e s i n  
dom inated com posite  c re e p ,  such a s  B rinson  and co -w o ik e rs  ( I 66 - I 7O),
Crossman and Flag^ (171 ) ,  Menges and B r in t ru p  (1 7 2 ) ,  and Daugste (1 7 3 ) .
A ll th e  t h e o r i e s  a r e  b a s i c a l l y  v e ry  s i m i l a r ,  and t h i s  s e c t i o n  w i l l  c o n c e n t r a te  
on one approach  o n ly  ( I 6 6 ) .
An o u t l i n e  o f  th e  t e s t  p ro ced u re  env isaged  i s  g iven  in  f ig u r e  8 .2 .  
F i r s t l y ,  t im e - te m p e ra tu re  s u p e r p o s i t i o n  i s  employed to  o b ta in  a c re e p  comp­
l i a n c e  m a s te r  cu rve  f o r  a u n i d i r e c t i o n a l  p ly .  Then, la m in a te  th e o ry  i s  used
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to  p r e d i c t  th e  s t r e s s e s  in  a lam in a te  com prised o f  such p l i e s ,  and f i n a l l y ,  
a f a i l u r e  model i s  used to  p r e d i c t  f r a c t u r e  under  g iv en  load  c o n d i t i o n s .
When com piling  th e  p ly  c ree p  com pliance cu rv e ,  v e r t i c a l  a s  w e l l  a s  
h o r i z o n t a l ,  s h i f t i n g  has to  he u n d e r ta k e n ,  because  com posites  a r e  therm o- 
r h e o l o g i c a l l y  complex ( 7 .1 ) .  Data s h i f t i n g  i s  e i t h e r  u n d e r ta k en  g r a p h i ­
c a l l y ,  o r  by means o f  s p e c i a l l y  developed  s t a t i s t i c a l  m odels . In  e i t h e r  
c a s e ,  i t  r e p r e s e n t s  a c u r v e - f i t  e x e r c i s e ,  th e  s t a g e s  o f  which a r e  shown 
s c h e m a t ic a l ly  i n  f ig u r e  8 . 3 .
The s t r e s s  a n a l y s i s  r e q u i r e d  a f t e r  th e  c o n s t r u c t i o n  o f  p ly  c re e p  
m a s te r  cu rv es  assume t h a t  l i n e a r  v i s c o e l a s t i c  b eh a v io u r  o c c u rs  i n  th e  
l a m e l l a .  F i n a l l y ,  the  long  term s t r e s s - r u p t u r e  l i f e  o f  a com posite  i s  
p r e d i c t e d  by u s in g  a  s u i t a b l e  f a i l u r e  c r i t e r i o n ,  i n  c o n ju n c t io n  w ith  an 
in c re m e n ta l  la m in a te  s t r e s s  a n a l y s i s ,  to  e x t r a p o l a t e  s h o r t  te rm , e l e v a te d  
t e m p e r a t u r e , t e s t  d a ta  to  long  d e s ig n  l i v e s  (a round  JO y e a r s ) .
The b a s ic  T .T .S .  model was found to  be in a d e q u a te ,  p a r t i c u l a r l y  in  wet 
en v iro n m en ts ,  so f u r t h e r  s h i f t  f a c t o r s  have had to  be deve loped .  Models, 
su ch  a s  Time-T em pera tu re - S t r e s s  ( T .T .S .S . ) , a n d  T im e -T e m p e ra tu re -S tre s s -  
M o is tu re  (T .T .S .M .S . ) ,  s u p e r p o s i t i o n  have been developed  ( I 6 6 ) .  The 
i n t r o d u c t i o n  o f  each  new s h i f t  f a c t o r  pushes  th e  model f u r t h e r  from a 
p h y s i c a l , t o  em e m p i r ic a l  s t a t u s ,  s in c e  s h i f t s  a r e  de te rm in ed  from t e s t  
d a t a ,  n o t  th e o ry .  D esp i te  th e s e  r e f in e m e n ts ,  d e v i a t i o n s  from p r e d i c t e d  
re sp o n s e  can s t i l l  be seen  to  o ccu r  a f t e r  200 h o u rs  ( f i g u r e  8 . 4 ) .
The in a d e q u a c ie s  o f  la m in a te  th e o ry  and l i n e a r  v i s c o e l a s t i c i t y  have 
a l r e a d y  been d is c u s s e d  ( 5 .4 . 1 ,  7 . 1 ) ,  th e  o n ly  s o u rce  o f  e r r o r  l e f t  to  
d i s c u s s  i s  th e  a ssum ption  t h a t  one damage mechanism o c c u r s  th ro u g h o u t 
com posite  c re e p .  I t  has  been shown th ro u g o u t  t h i s  rev iew  t h a t  a whole 
v a r i e t y  o f  damage i s  g e n e ra te d  in  GRP, dependent on s t r e s s ,  te m p e ra tu re  and 
en v iro n m en t.  Thus, th e  assum ption  t h a t  c reep  mechanisms a t  h ig h  t e s t  
t e m p e ra tu re s  a r e  i d e n t i c a l  to  th o se  t h a t  o ccu r  a f t e r  long  t i m e s , i s  h ig h ly
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s u s p e c t ,  p a r t i c u l a r l y  when f ig u re  1.1 i s  examined. The whole b a s i s  f o r  
th e  use  o f  T .T .S ,  can be seen  to  b reak  down in  th e  v a s t  m a jo r i t y  o f  
e n g in e e r in g  c o m p o s i te s ,  making d es ig n  e x t r a p o l a t i o n  from t h i s  complex 
ap p ro ac h  h ig h ly  i n a c c u r a t e .
8 . 3 .2  C h a in -o f-B u n d le s  Theory
I t  has been  shown ( 5 . 4 . 3 )  t h a t  a f i b r e  com posite  can  be m odelled  a s  a 
bund le  o f  v a r i a b l e  s t r e n g t h  f i l a m e n t s  embedded in  a r e s i n  m a t r ix , lo a d  
t r a n s f e r  medium. T h is  r e s t r i c t s  load  t r a n s f e r  from a broken  f i l a m e n t  
to  n e ig h b o u rs  w i th in  a segm ent, d ( f i g u r e  5 .6 )  (7 5 ) .  L i f s h i t z  and Botem
( 174 ) o u t l i n e  c h a in  o f  b u n d le s  th e o ry  f o r  c o m p o s i te s ,  p ro d u c in g  an e x p re s s io n  
f o r  p ro b a b le  f a i l u r e  s t r e n g t h  ( a  * ) : -
1 / bo * = Yf (adBe) a ,B  a r e  c o n s ta n t s  - ( 8 . 4 )
Load t r a n s f e r  o c c u r s  th ro u g h  m a tr ix  s h e a r ,  so t h a t  when v i s c o e l a s t i c  
b e h a v io u r  i s  e x h i b i t e d  by th e  r e s i n ,  lo a d  t r a n s f e r  l e n g th ,  d , becomes an  
i n c r e a s i n g  f u n c t io n  o f  t im e  un d er  s t r e s s ,  dependent on m a tr ix  c re e p  p ro p ­
e r t i e s .  A sch em a tic  r e p r e s e n t a t i o n  o f  t h i s  tim e dependent f a i l u r e  model (174) 
i s  g iv e n  i n  f i g u r e  8 . 5 .
As d i n c r e a s e s ,  com posite  s t r e n g t h  d e c re a se s ,  due to  th e  i n c r e a s i n g  
p r o b a b i l i t y  o f  e n c o u n te r in g  a s e v e re  f i b r e  f l a w , in  h igh  s t r e s s  r e g io n s  
around  a f i l a m e n t  b r e a k .  T h is  i s  p a r t i c u l a r l y  s e r io u s  where s t r e s s  con­
c e n t r a t e d  r e g io n s  a round  b re a k s  o v e r la p ,  due to  in c r e a s e s  i n  d , s in c e  
s u f f i c i e n t  l o c a l  lo a d in g  may be induced  to  i n i t i a t e  an  'a v a la n c h e '  o f  f u r t h e r  
f i l a m e n t  b r e a k s .  In  th e o ry ,  d cou ld  become i n f i n i t e ,  whereupon bundle  
s t r e n g t h  f a l l s  to  th e  l e v e l  found in  non-bonded ro v in g s .  While th e  d e t a i l e d  
a n a l y t i c a l  model developed  d id  n o t  a c c u r a t e l y  p r e d i c t  f a i l u r e  ( l ? 4 ) ,  th e  
b a s ic  ap p ro ac h  o u t l i n e d  has  p o t e n t i a l  f o r  f u tu r e  developm ent.
O th e r  w o rk e rs ,  such  a s  Rotem and E l iz o v  (.93 ) ,  K e lly  and McCartney
( 175 ) ,  and Aveston e t  a l  (1 7 6 ) ,  have developed  bundle th e o ry  a s t a g e  f u r t h e r ,  
by su p e r im p o s in g  m o is tu re  e f f e c t s  on to  th e  above model. I t  was found t h a t
d i n c r e a s e s  i n  w a te r  due to  debonding ( l ? 4 ) ,  which must be accoun ted  f o r
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i n  c a l c u l a t i o n s , by d e te rm in in g  i n t e r f a c i a l  bond s t r e n g t h  as  a fu n c t io n  o f  
t im e .  F ib re  d e g ra d a t io n  th rough  s t r e s s  c o r r o s io n  has a l s o  been in c lu d e d  
i n  th e  a n a l y s i s  ( l7 5 i  176).
From W eibull s t a t i s t i c s ,  th e  number o f  f i b r e s  (N) i n  a p o p u la t io n  (No), 
h av in g  flaw s s m a l le r  th a n  a l e n g th ,  a ,  i s  g iven  b y : -
N = No exp -  ^  ao ^  - ( 8 . 5 )
where ao^ = Kic - ( 8 .5 a )
Yo o
Kzc i s  th e  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r ,  Y and <̂ 0 a r e  m a te r i a l  c o n s ta n t s  
D uring  a s t r e s s - r u p t u r e  t e s t ,  t h e s e  f law s grow to  a  c r i t i c a l  l e n g th ,  
i n i t i a t i n g  p r o g r e s s iv e  f i l a m e n t  f a i l u r e .  E x p re s s io n s  f o r  th e  number o f  
b r e a k s  o c c u r r in g  w ith  tim e has been developed  ( 1 7 5 ) : -
1—2 /  \  / V  n—1 y / V n —2
/ f  T  A ( t )  \  -  1 A ( t )  \  /  In  /  No \
\NoooA /  \  Ho J  m l N o J  I I N (t)  j
n-2  2 2 , V n
= -J, a . KIX . Y . Oo
_1 M
No d t
(   \  -(8.6 )
\  Noo^oa /
where F i s  th e  a p p l i e d  fo c e ,  A th e  c ro s s  s e c t i o n a l  a r e a ,  and n i s  a  c o n s ta n t ,  
From t h i s ,  p r e d i c t i o n s  o f  t t f  th ro u g h  s t r e s s  c o r r o s i o n  f law  grow th can  
be made. F a i l u r e  o c c u rs  a s  dN /dt becomes v e ry  l a r g e .
T his  model r e p r e s e n t s  th e  b e s t  way fo rw ard  i n  th e  development o f  
p r e d i c t i o n  te c h n iq u e s .  Problems due to  s t r e s s  c o n c e n t r a t i o n s ,  f i b r e  
o r i e n t a t i o n ,  and th e  e f f e c t  o f  crim p i n  woven f a b r i c s ,  s t i l l  have to  be 
overcome. To acco u n t f o r  s t r e s s  v a r i a t i o n s  due to  th e  use  o f  f a b r i c  
re in fo rc e m e n t ,  app ro ach es  s i m i l a r  to  th o s e  d e s c r ib e d  i n  5 .2 .2  (20), 
may be in c o rp o ra te d  i n t o  th e  bundle  f a i l u r e  th e o ry  o u t l i n e d .  In  t im e ,  
such  approaches  w i l l  s u p p la n t  th e  u n s a t i s f a c t o r y  s ta n d a rd  te c h n iq u e s  
c u r r e n t l y  used .
PART TWO




9 .1  M anufacture o f  t e s t - p i e c e s
Three la m in a te  c o n s t r u c t io n s  were used  th ro u g h o u t  t h i s  t h e s i s ,  th e  d e t a i l s  
o f  which a r e  p r e s e n te d  i n  t a b l e  9 . 1 .  Each o f  them were u sed  f o r  d i f f e r e n t  t e s t  
programmes
(a )  Woven ro v in g  (w .r .  ) / 'C e l lo b o n d '  p o l y e s t e r .  T h is  was u sed  f o r  some 
o f  th e  p o r o s i t y  measurements u n d e r ta k e n  ( 1 0 . l ) ,  a s  w e l l  a s  e a r l y  
t e s t  work on the  c re e p  m o n i to r in g  system .
(b) S in g le  p ly  w. r . / ’C ry s tic *  p o l y e s t e r .  T h is  was u sed  f o r  th e  
d e te r m in a t io n  o f  th e  f i b r e  b reak  d e n s i t y  induced  a s  a f u n c t io n  
o f  t e n s i l e  p r e - lo a d  ( 9 .4 ) .
(c )  Mixed w . r . / c . s . m . / ' C r y s t i c ' p o l y e s t e r .  These sam ples  were used  
in  a l l  th e  o t h e r  t e s t s  d e s c r ib e d .  They were l a i d  up a c c o rd in g
to  th e  C.E.G .B. s p e c i f i c a t i o n  p r e v io u s l y  used  ( 3 .4 ) ,  e x c e p t  t h a t  no 
g e l - c o a t  was a p p l i e d .  T h is  en ab led  d i r e c t  com parisons  to  be made 
between t e s t - p i e c e s  from th e  two programmes.
A ll th e  above sam ples  were produced  i n  th e  same manner, d i f f e r e n c e s  o n ly  
coming in  c o m p o s i t io n  and p o s t - c u r e  sch e d u le  ( t a b l e  9 . 1 ) .  The s i n g l e  p ly  
s h e e t s  were l a i d  up fo u r  to  a mould, each l a y e r  s e p a r a t e d  by a s h e e t  o f  
Melinex r e l e a s e  p a p e r .  In  a l l  o th e r  r e s p e c t s ,  m anu fac tu re  o f  t h e s e  p l a t e s  
fo llow ed  th e  p ro c e d u re  u sed  f o r  mixed r e in fo rc e m e n t  l a m in a t e s .
To b eg in  w i th ,  th e  r e s i n  was o u tg a s s e d  u n d e r  vacuum a f t e r  i t  had been 
mixed w ith  th e  a c c e l e r a t o r  and c a t a l y s t .  T h is  was done i n  a n  a t te m p t  to  
reduce th e  f i n a l  p o r o s i t y  l e v e l s .  I t  was found to  have a n e g l i g i b l e  e f f e c t  
on th e  100^ w .r .  s h e e t s .  With th e  mixed re in fo rc e m e n t  sam p le s ,  t h e  r e s i n  
" s t i p p l i n g "  e s s e n t i a l  t o  wet o u t  th e  c . s . m . , induced  s u f f i c i e n t  a i r  b u b b le s  to  
c o u n te r  b a la n c e  any  b e n e f i t  from d e - g a s s in g .  As a consequence ,  th e  p r a c t i c e  
was dropped when l a y in g  up the  mixed r e in f o r c e m e n t  sam p les .
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Sample s h e e t s  were made up from 350mm re in fo rc e m e n t  p l i e s ,  which were 
im pregnated w ith  r e s i n  by means o f  a  r o l l e r  and b ru s h ,  th e n  p r e s s e d  between 
g l a s s  s h e e t s .  Woven p l i e s  were l a i d  up i n  a 0 /9 0 °  c o n f ig u r a t io n ,  th e  warp 
d i r e c t i o n  b e ing  p la c e d  a l t e r n a t e l y  a t  0° and 90°  to  c o u n t e r a c t  th e  unba lanced  
n a tu re  o f  most g l a s s  f a b r i c s  ( 2 . 3 ) .  To en su re  c o n s ta n t  th i c k n e s s ,  t h e  g l a s s  
s h e e t s  were s e p a ra te d  by 4mm  ̂ s t e e l  s p a c e r s ,  th e n  clamped i n  a wooden frame 
to  p rev en t  warpage d u r in g  c u r e .  In  each c a s e ,  p l a t e s  were l e f t  i n  th e  mould fo^
24 hours  to  c u re ,  th e n  demoulded and p o s t - c u r e d .  Due to  t h e i r  unba lanced
c o n s t r u c t io n ,  s i n g l e  p ly  s h e e t s  were l e f t  i n  th e  mould d u r in g  p o s t - c u r e ,  a g a in  
to  p re v e n t  warpage.
From th e  above p l a t e s ,  sam ples o f  d im en s io n s ,  250 x 35mm, were c u t ,  
p a r a l l e l  to  a ro v in g  d i r e c t i o n .  They were p r o f i l e d  to  a "dog-bone" shape 
u s in g  a h igh  speed r o u t e r ,  g iv in g  an e f f e c t i v e  gauge l e n g th  o f  70mm ( f i g u r e  9 .1 )
Holes were d r i l l e d  i n  th e  sample ends in  o r d e r  to  a t t a c h  th e  c ree p  r i g  lo a d
t r a i n .  The m a jo r i ty  o f  t e s t - p i e c e s  used were o f  t h i s  form, th e  e x c e p t io n s  
be ing  those  used f o r  r e s i d u a l  s t r e n g t h ,  and f i b r e  b reak  d e n s i t y ,  m easure­
ments. Here, the  requ irem en t was f o r  l a r g e  numbers o f  sam ples (up to  24) 
to  be cu t  from each p l a t e .  Thus, s t r a i g h t  s id e d  coupons, 150 x 25mm, were 
produced . For th e  r e s i d u a l  s t r e n g t h  t e s t s ,  aluminium end t a b s  were g lued  
onto the  sample, u s in g  A ra ld i t e  2004 a d h e s iv e .  T h is  p re v e n te d  a c o u s t i c  n o is e  
g e n e ra t io n  from th e  lo a d in g  g r ip s  i n f l u e n c in g  th e  re c o rd e d  sample a c t i v i t y .  
( 1 1 .4 ) .
9 . 2 T e n s i le  p r o p e r t i e s
P r i o r  to  th e  d e te rm in a t io n  o f  t e n s i l e  s t r e n g t h ,  i t  was n e c e s s a r y  to  
c a l c u l a t e  th e  ave rage  g la s s  volume f r a c t i o n  f o r  th e  GRP u s e d .  T h is  was used 
to  c a l c u l a t e  s t r e n g t h  i n  term s o f  th e  U lt im a te  T e n s i le  U n it  Load (U .T .U .L .) ,  
a c c o rd in g  to  e q u a t io n  7 .2 .  T h is  measure has been found to  reduce  th e  v a r ­
i a b i l i t y  a s s o c ia t e d  w ith  c r e e p - r u p tu r e  d a ta  ( 7 . 3 ) .
R ec tangu la r  s e c t i o n s ,  35 x 25mm, were c u t  from 3 mixed re in fo rc e m e n t  
sample p l a t e s ,  ground to  ensu re  t h a t  th e  s i d e s  were p a r a l l e l ,  a c c u r a t e l y  weighed,
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and  m easured. From t h i s ,  com posite  d e n s i t y  was d e te rm in e d .  The r e s i n  m a tr ix  
was th e n  b u rn t  o f f  a t  450°C, and th e  rem a in in g  g l a s s  rew e ig h ed .  Knowing th e  
d e n s i t y  o f  g l a s s  to  be 2 .5 6  x lO^kgm”^ ( 9 ) ,  t h e  g l a s s  volume f r a c t i o n  was 
c a l c u l a t e d  f ro m :-
'̂ f = I f  = -Pivï  • (9-1)
where Vg and Vc a r e  th e  volume o f  f i b r e  and com posite  r e s p e c t i v e l y .  Mg, th e  
mass, and pg , th e  d e n s i ty ,  o f  g l a s s .  The a v e ra g e  Vç d e te rm in e d  was 0 .2 7  -  0 .0 6 ,  
a v a lu e  s u b s e q u e n t ly  used when e v e r  a measure o f  g l a s s  c o n te n t  was r e q u i r e d .
The g l a s s  c o n te n t  o f  100^ w .r .  sam ples was n o t  d e te rm in e d  i n  t h i s  s tu d y ,  
s in c e  a measure o f  UTUL was n o t  r e q u i r e d .  However, by exam in ing  p o l i s h e d  
s e c t i o n s ,  and r e f e r r i n g  to  r e l a t e d  t e s t  programmes ( 6 ) ,  i t  was found t h a t  th e  
Vp o f  th e s e  m a t e r i a l s  was v i r t u a l l y  th e  same a s  above .
T e n s i l e  t e s t s  were perform ed on an I n s t r o n  1195 U n iv e r s a l  T e s t i n g  Machine, 
a t  a c ro s s -h e a d  speed  o f  0.5mm/min. T h is  r a t e  was s e l e c t e d  a s  b e in g  
r e p r e s e n t a t i v e  o f  t h a t  found d u r in g  c ree p  lo a d in g  ( 1 2 .3 ) .  Four sam ples  from 
th e  w . r . / c . s . m .  m a te r i a l  were t e s t e d ,  each c u t  from a d i f f e r e n t  p l a t e ,  to  
de te rm ine  th e  v a r i a b i l i t y  in  s t r e n g t h  betw een GRP la m in a te  s h e e t s .  Three 
100$ w .r .  sam ples were a l s o  t e s t e d ;  i n  t h i s  c a se  a l l  t e s t - p i e c e s  came from 
a s i n g l e  s h e e t .  T h is  was done to  see  how s t r e n g t h  v a r i e d  on ch an g in g  th e  
re in fo rc e m e n t  p a t te rm .
I t  can be s een  from f ig u r e  9 .2  t h a t  a 'k n e e '  o c c u r r e d  i n  th e  l o a d /  
d e f l e c t i o n  cu rve  a t  a p p ro x im a te ly  20$ o f  th e  b r e a k in g  l o a d .  T h is  b e h a v io u r  
i s  c h a r a c t e r i s t i c  o f  woven f a b r i c  la m in a te s  (2 0 ) .  The r e s u l t s  from t h i s  s e c t i o n  
a r e  p r e s e n te d  i n  t a b l e  9 . 2 .  Mixed re in fo rc e m e n t  s t r e n g t h  h as  been quo ted  in  
te rm s o f  i t s  U .T .U .L . , and u l t i m a t e  t e n s i l e  s t r e n g t h  ( U . T . S . ) , t h e  l a t t e r  b e in g  
used as  a com parison  f o r  th e  100$ w .r .  GRP s t r e n g t h  d a t a .
From th e s e  r e s u l t s ,  i t  can be seen  t h a t  th e  s t r e n g t h  v a r i a b i l i t y  was l i t t l e  
a f f e c t e d  by re in fo rc e m e n t  p a t t e r n ;  v a r i a b i l i t y  i n  b o th  c a s e s  was a p p ro x im a te ly  
7$. The same v a r i a b i l i t y  was found between p l a t e s  o f  th e  same l a y - u p ,  i . e .
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g en e ra l  v a r i a t i o n s  in  GRP s t r e n g th  outweighed any d i f f e r e n c e s  between s h e e t s  
due to  m anufactu re . I t  was a lso  found th a t , o n  going from a 4 p ly  w . r . ,  to  a 
2 p ly  w . r . / 4  p ly  c . s .m .  la y -u p ,  the  s t r e n g t h  was reduced by 25%, d e s p i t e  
alm ost i d e n t i c a l  g l a s s  c o n te n ts  i n  the  two m a te r i a l s .
9 .3  Load r a t e  t e s t s
I t  has a l r e a d y  been shown th a t  GRP s t r e n g t h  i s  dependent on th e  r a t e  o f  
load a p p l i c a t io n  ( 5 .3 ) .  To confirm  t h i s ,  t e n s i l e  t e s t s  were u n d e r ta k en  a t  
5 c ro ss -h ead  speeds , 4 samples be ing  t e s t e d  a t  each r a t e .  The load  r a t e s  
used were 0 .5 ,  1 .0 ,  5*0, 10.0, and 50.0mm/min. Low r a t e  t e s t s  were con­
c e n t r a te d  on, s in c e  t h i s  was the  regime most p e r t i n e n t  to  c reep  s t u d i e s .
S t r a i n  was m onitored u s in g  a 25mm gauge le n g th  ex ten so m ete r ,  a t t a c h e d  to  
the sample by k n i f e  edges . From th e se  t e s t s ,  GRP s t r e n g th  and f a i l u r e  s t r a i n  
were ob ta ined  as  a fu n c t io n  o f  d isp lacem en t r a t e .
F igures  9 .3  and 9 .4  show th e  r e s u l t s  from t h i s  programme, where th e  e r r o r  
b a rs  shown r e p re s e n t  - 1 S.D. from the  mean v a lu e .  I t  can be seen  t h a t ,
a t  d isp lacem ent r a t e s  below lOmm/rain, s t r e n g t h  was independent o f  s t r a i n  r a t e  
( f ig u re  9 . 3 ) .  Above t h i s  v a lu e ,  in c r e a s in g  d isp lacem en t speed le d  to  an 
in c re a s e  in  sample s t r e n g th ,  as  p r e d ic te d  from the  l i t e r a t u r e  (6 2 -6 4 ) .
D evia tions  from expected  behav iou r  a t  low s t r a i n  r a t e s  w i l l  be d is c u s s e d  in
13. 2 .
F a i lu re  s t r a i n  a g a in s t  c ro s s -h e a d  speed ( f ig u r e  9 .4 ) ,  showed a 2 - s ta g e  
response . A minimum value  o f  s t r a i n  was reco rded  a t  5*0mm/min. Below t h i s  
l e v e l ,  the  f a i l u r e  s t r a i n  in c re a s e d  r a p id ly  w ith  f a l l i n g  t e s t  speed,, r a t h e r  than 
decreased  as  the  l i t e r a t u r e  would su g g e s t .  At h igh  s t r a i n  r a t e s ,  b eh a v io u r  
aga in  conformed to  the  p re d ic te d  p a t t e r n , i . e .  g radua l  in c r e a s e  in  f a i l u r e  
s t r a i n  with in c r e a s in g  c ro ss -h ead  speed .
9 .4  F ib re  break d e n s i t y  d e te rm in a t io n
In  o rd e r  to o b ta in  an e s t im a te  o f  the  l e v e l  o f  f i b r e  b re a k in g  th a t  
occurred  as  a sample was s t r e s s e d  in  t e n s i o n , s e r i  o f s i  ngl e p l i e s  w, r .  ̂ t - pi ''c
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were load ed  to  v a r io u s  f r a c t i o n s  o f  th e  av e ra g e  UTUL, th e n  exam ined. load  
l e v e l s  used  ranged  from 0-100$ UTUL, a t o t a l  o f  11 sam ples b e in g  th u s  t r e a t e d ,  
one a t  each s t r e s s .  A c ro s s -h e a d  speed  o f  0.5mm/min was u sed  d u r in g  lo a d in g .
Having s u b je c te d  each sample to  th e  r e q u i r e d  p r e - l o a d ,  a  50tnm lo n g  s e c t i o n  
was c u t  from th e  gauge l e n g th .  The r e s i n  was b u r n t  o f f  from t h i s  s e c t i o n  a t  
450° C, and th e  rem a in ing  g l a s s  mat c a r e f u l l y  s e p a r a t e d  o u t  i n t o  0°  and 90° 
ro v in g s .  From th e  0° f i b r e  b u n d le s ,  a b o u t  200 f i l a m e n t s  were c a r e f u l l y  
removed and p la c e d  i n  a p e t r i - d i s h  c o n ta in in g  t e t r a h y d r o f u r a n  ( T .H .F . ) .  T h is  
a c t e d  a s  a s o lv e n t  f o r  any rem ain ing  g l a s s  b in d e r ,  h e lp in g  to  d i s p e r s e  th e  
f i l a m e n t s .  G rea t c a re  was ta k en  to  e n su re  t h a t  th e  f i b r e s  were m ere ly  
d i s p la c e d  l a t t e r a l l y ,  w h ile  r e t a i n i n g  t h e i r  l o n g i t u d i n a l  p o s i t i o n  r e l a t i v e  
to  each  o t h e r .  In  t h i s  way, th e  p o s i t i o n  o f  f i b r e  b re a k s  in  each  ro v in g  cou ld  
be d e te rm in e d ,  a s  w ell  a s  t h e i r  f req u en cy .
A f te r  d i s p e r s in g  th e  ro v in g  b u n d le ,  th e  f i b r e s  were examined u s in g  a 
t r a n s m i t t e d  l i g h t  m icroscope , a t  a m a g n i f ic a t io n  o f  lOOX. The number o f  f i b r e s  
p r e s e n t  was d e te rm in e d ,  fo llow ed  by th e  number o f  o b se rved  b r e a k s ,  f o r  each 
load  l e v e l .  S in ce  f i b r e s  w tre  n o m in a lly  50mm i n  l e n g th ,  f i b r e  b re a k  
d e n s i ty  was c a l c u l a t e d  a s  th e  number o f  b re a k s  p e r  ram o f  f i b r e .  F ive  f i l a m e n t  
bund les  were examined from each sam ple , from which th e  a v e ra g e  f i b r e  b reak  
d e n s i ty  cou ld  be d e te rm ined  a s  a f u n c t io n  o f  a p p l i e d  lo a d .
The r e s u l t s  w.re shown i n  f i g u r e  9 -5 -  A th r « e  s t a g e  cu rve  was p ro ­
duced, w ith  changes i n  b eh av io u r  o c c u r r in g  a t  20, and 50^ UTUL. I t  was a l s o  
found, by s tu d y in g  th e  l o c a t i o n  o f  b r e a k s ,  t h a t  a  change i n  th e  o b se rv ed  
damage o c c u r re d  a t  50$ UTUL. Below t h i s  lo a d  l e v e l ,  f i b r e  f r a c t u r e s  were 
d i s p e r s e d  randomly th ro u g h o u t th e  sam ple, s e p a r a t e d  s u f f i c i e n t l y  to  have 
no in f lu e n c e  on each  o t h e r .  Above 50$ UTUL, n e ig h b o u r in g  f i l a m e n t s  were 
observed  to  b reak  s id e  by s id e ,  c r e a t i n g  ro v in g  t r a n s v e r s e  m ic ro c ra c k s .  T h is  
damage, term ed m u l t i - f i l a m e n t  f r a c t u r e  (M .F .F . ) ,  c o n s i s t e d  o f  betw een 2 and 
8 n e ig h b o u rin g  b re a k s .  There was a g e n e ra l  t r e n d  tow ard in c r e a s i n g  numbers, 
and s i z e  o f  M .F.F. damage, a s  th e  l e v e l  o f  p r e - lo a d  a p p l i e d  in c r e a s e d  above 




A la rg e  p ro p o r t i o n  o f  th e  m icroscopy u n d e r ta k en  f o r  t h i s  t h e s i s  concen­
t r a t e d  on th e  s tu d y  o f  samples t e s t e d  in  th e  c o u rs e  o f  p re v io u s  c r e e p - r u p t u r e
programmes ( 3 , 4 ) .  By do ing  t h i s ,  o b s e r v a t io n s  co u ld  be made on sam ples  t h a t  had
se.3
f a i l e d  a f t e r  long  t im es  (up to  3 y e a r s )  u n d e r  lo a d  in ^ w a te r ,  a t  a  v a r i e t y  
o f  immersion te m p e ra tu re s .  The s tu d y  o f  damage i n  immersed c r e e p - r u p t u r e  
t e s t s  was u n d e r ta k e n  mainly, u s in g  sam ples from th e  above programme. T e s t  
p ie c e s  taken  from th e  d ry  c re e p  t e s t s  perfo rm ed  f o r  t h i s  t h e s i s  were a l s o  
examined, to  d e te rm in e  th e  damage acc u m u la t io n  t h a t  c a u se s  c r e e p - r u p t u r e  i n  
a i r .
10 .1  Pore d e n s i t y  d e te rm in a t io n
The m a jo r  problem en co u n te red  d u r in g  c r e e p - r u p t u r e  t e s t i n g  o f  GRP, i s  
the  l a r g e  sp read  found in  v a lu e s  o f  tim e to  f a i l u r e  ( t . t . f . ) , o b t a i n e d  a t  
a g iven  load  l e v e l .  T h is  l e a d s  to  u n c e r t a i n t y  in  th e  p r e d i c t i o n  o f  th e  
long  term p r o p e r t i e s  o f  th e se  m a t e r i a l s ,  which can o n ly  be a l l e v i a t e d  by 
c a r e f u l  c o n t r o l  o f  th e  c o n t r i b u t i n g  v a r i a b l e s  (5-3)«  The m ajor cause  o f  t h i s  
v a r i a b i l i t y  i s  th e  v a r i a t i o n  found in  GRP s t r e n g t h ,  s in c e  lo a d  l e v e l s  a p p l i e d  
d u r in g  c reep  a r e  c a l c u l a t e d  a s  a f r a c t i o n  o f  th e  a v e ra g e  s t r e n g t h .
A major f a c t o r  t h a t  a f f e c t s  th e  s t r e n g t h  o f  a co m p o s i te ,  i s  th e  l e v e l  
o f  p o r o s i t y  p r e s e n t  (5- 3)* Voids have been shown to  a c t  a s  s t r e s s  
c o n c e n t r a t i o n s ,  which reduce th e  a p p l i e d  lo a d  r e q u i r e d  to  p ro p o g a te  f a i l u r e .
The l e v e l  o f  p o r o s i t y  p r e s e n t  was a l s o  one o f  th e  few v a r i a b l e s  t h a t  co u ld  
be measured, so i t  was dec ided  to  i n v e s t i g a t e  th e  e f f e c t  o f  sample v o id  
c o n te n t  on i t s  t . t . f .  i n  a c r e e p - r u p t u r e  t e s t .
The i n v e s t i g a t i o n  was u n d e r ta k en  u s in g  two, r e l a t e d ,  a p p r o a c h e s : -
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(a )  5 sam ples t h a t  had a l l  f a i l e d  a t  th e  same lo a d  l e v e l ,  i n  an  
immersed c r e e p - r u p tu r e  t e s t ,  were examined, and p o re  c o n te n t s  e s t im a te d .
These r e s u l t s  were th e n  compared to  th e  v a lu e s  o f  t t f  found f o r  each  sam ple, 
to  se e  i f  any c o r r e l a t i o n  between p o r o s i t y  and l i f e  cou ld  be e s t a b l i s h e d .
(b) 2 g roups ,  4 sam ples  i n  each ,  o f  100^ w .r .  GRP sam ples were p roduced ,  
one where r e s i n  o u tg a s s in g  had been u n d e r ta k e n  ( 9 .1 ) ,  and one where r e s i n  
a g i t a t i o n  had been u s e d , t o  d e l i b e r a t e l y  i n c r e a s e  p o r o s i t y  l e v e l s .  Both s e t s
o f  samples were lo a d ed  to  70% UTUL i n  w a te r ,  and th e  t t f  r e c o rd e d ,  to  see  i f  an y  
c o r r e l a t i o n  e x i s t e d  betw een f a i l u r e  tim e and m a n u fa c tu r in g  p r o c e s s .
Sample v o id  c o n te n t  was e s t im a te d  i n  th e  same way f o r  b o th  s e t s  o f  
ex p e r im en ts .  S e c t io n s  th ro u g h  th e  t e s t - p i e c e  were c u t  and mounted f o r  exam­
i n a t i o n ,  from a v a r i e t y  o f  l o c a t i o n s  a lo n g  th e  gauge l e n g t h .  These s e c t i o n s  
were ground and p o l i s h e d  u s in g  s ta n d a rd  m e ta l lo g ra p h ic  te c h n iq u e s ,  th e n  examined 
a t  a  m a g n if ic a t io n  o f  40X, u s in g  a p r o j e c t i o n  m icroscope .
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A g rad u a ted  e y e -p ie c e  %<as used to  m easure o u t  a 10mm a re a  o f  th e  
sam ple. A ll v o id s  f a l l i n g  w i th in  t h i s  re g io n  were th en  measured and , assum ing 
a s p h e r ic a l  c ro s s  s e c t i o n  f o r  r e s i n  p o r e s ,  and a r e c t a n g u l a r  one f o r  i n t r a -  
ro v in g  vo id s  (4 6 ) ,  th e  a r e a  o f  each  s e c t i o n  f i l l e d  by p o r o s i t y  was d e te rm in e d .  
Void c o n te n t  was th e n  c a l c u l a t e d  a c c o rd in g  to  e q u a t io n  5 .3 .  T h is  was done f o r  
3 s e c t io n  o r i e n t a t i o n s , l o n g i t u d i n a l ,  t r a n s v e r s e ,  and p l a n a r ,  a t  5 s e p a r a t e  
r e g io n s  o f  th e  sample gauge l e n g th ,  g iv in g  15 p o r o s i t y  r e a d in g s  p e r  t e s t -  
p i e c e ,  from which th e  a v e ra g e  vo id  c o n te n t  was c a l c u l a t e d .
The r e s u l t s  from th e s e  s t u d i e s  a r e  p r e s e n te d  in  t a b l e  1 0 .1 .  Looking 
f i r s t l y  a t  ( a ) ,  an  i n i t i a l  t r e n d  seemed to  e x i s t  l i n k i n g  low vo id  c o n te n t  w ith  
lo n g  t t f .  F ig u re  10 .1  shows th e  p o r o s i t y  found in  a sample w ith  a f a i l u r e  
t im e o f  abou t 10 d a y s ,  w h ile  f i g u r e  10 .2  i s  o f  t h a t  found in  a t e s t - p i e c e  t h a t  
f a i l e d  a f t e r  1 day a t  th e  same lo a d .  When p o re  co u n ts  were u n d e r ta k e n ,  however, 
no c o r r e l a t i o n  between vo id  c o n te n t  and t t f  was found.
When samples from (b )  were examined, no c o r r e l a t i o n  was found to  e x i s t  
between t t f  and m a n u fa c tu r in g  p ro c e ss ,  i . e .  o u tg a s s in g  had no e f f e c t  on th e  sample
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c r e e p - r u p tu r e  p r o p e r t i e s .  Fu rtherm ore ,  no s i g n i f i c a n t  d i f f e r e n c e  i n  th e  l e v e l  
o f  p o r o s i t y  p r e s e n t  cou ld  be found between o u tg a s s e d ,  and u n t r e a t e d ,  sam ples ; 
a l l  r e s u l t s  f e l l  i n  th e  range 2 -4 ^ .  D egassing  reduced  th e  r e s i n  v o id  c o n te n t  by 
ap p ro x im a te ly  30%y b u t  th e  l e v e l  o f  i n t r a - r o v i n g  p o r o s i t y  was, i f  a n y th in g ,  
h ig h e r .  T h is  was due to  a  d e c re a se  i n  f i b r e  w e t t in g  t h a t  accompanied a t t e m p t s  
to  reduce  r e s i n  vo id  c o n te n t .  Because o f  t h i s ,  i t  was d e c id e d  to  d i s c o n t in u e  
th e  p r a c t i c e  o f  r e s i n  vacuum o u tg a s s in g .
10 .2  F rac to g ra p h y
The f r a c t u r e  s u r f a c e s  from a p p ro x im a te ly  50 c r e e p - r u p t u r e  sam ples  have 
been examined, 30 a f t e r  f a i l u r e  i n  w a te r  a t  a v a r i e t y  o f  s t r e s s e s  and temp­
e r a t u r e s ,  and 20 a f t e r  t e s t i n g  in  a i r .  In  a l l  c a s e s ,  th e  p ro ced u re  u sed  to  
s tu d y  them was th e  same a s  t h a t  d e s c r ib e d  below.
The f r a c t u r e  s u r f a c e  was removed w ith  a  hacksaw, mounted on an  alum inium  
p l a n c h e t t e ,  th e n  g o ld  s p u t t e r  c o a te d ,  to  make th e  sample c o n d u c t in g .  Because 
o f  th e  l a r g e  a r e a  o f  s u r f a c e  to  be c o a te d ,  2 s e p a r a t e  t r e a tm e n t s  were u n d e r ­
ta k e n  to  en su re  an  adequa te  c o v e r in g  o f  g o ld  was a p p l i e d .  The sample was th e n  
examined u s in g  a JBOL 35D sc an n in g  e l e c t r o n  m icroscope (S .E .M .) ,  f i t t e d  w ith  
an  EDAX f a c i l i t y  ( 1 0 .4 ) .  Movement o f  p u l l  o u t  f i b r e s  i n  th e  e l e c t r o n  beam 
proved  to  be a problem a t  h igh  m a g n i f i c a t io n s ,  b u t  d e s p i t e  t h i s  many u s e f u l  
o b s e r v a t io n s  were made o f  th e  damage c r e a t e d  d u r in g  c r e e p - r u p t u r e .
I t  would be expec ted  t h a t ,  i f  f a i l u r e  i n  w a te r  o c c u r re d  th ro u g h  s t r e s s - 
c o r ro s io n  ( c . f .  a c i d i c  en v iro n m e n ts ) ,  th e  f i b r e  p u l l - o u t  l e n g th s  a t  th e  
f r a c t u r e  s u r f a c e  sho u ld  d e c re a se  a s  a  f u n c t io n  o f  tim e immersed (7 * 4 ) .  F ig u re s
10 .3  and 1 0 .4  show t h a t  t h i s  d id  n o t  happen. The o n ly  change i n  l e n g t h  
observed  o c c u r re d  when comparing immersed, w ith  d ry ,  c r e e p - r u p t u r e  b e h a v io u r .
In th e  l a t t e r  c a s e ,  p u l l - o u t s  were so e x te n s iv e  t h a t  f i b r e s  had to  be trimmed, 
in  o rd e r  to  f i t  i n t o  th e  m icroscope .
Lyons (5 )  showed t h a t  c r e e p - r u p tu r e  in  c s m /p o ly e s te r  l a m in a te s  i n i t i a t e d  
th rough  s t r e s s - c o r r o s i o n .  I t  was found t h a t  th e  f a i l u r e  p a th  cou ld  be t r a c e d  
back to  a re g io n  o f  slow c rack  grow th, i d e n t i f i e d  a s  a zone o f  s h o r t  f i b r e
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p u l l - o u t .  In  th e  sam ples examined f o r  t h i s  t h e s i s ,  f i b r e  o v e r la y  made exam ina tion  
o f  th e  r e s i n  bed d i f f i c u l t ,  b u t  no ev id en ce  o f  th e  above b e h a v io u r  was observed  
The o n ly  re g io n s  o f  s h o r t  f i b r e  p u l l - o u t  o bse rved  o c c u r re d  around  s t r e s s  
c o n c e n t r a t in g  d e f e c t s ,  such a s  r e s i n  r i c h  r e g io n s  ( f i g u r e  1 0 .5 ) .  E xam ination  
o f  th e  r e s i n  bed a l s o  r e v e a le d  th e  e x i s t e n c e  o f  i n t r a - r o v i n g  v o id s ,  a l i g n e d  
p a r a l l e l  to  th e  t r a n s v e r s e  woven ro v in g s  ( f i g u r e  1 0 . 6 ) .
No obv ious  d i f f e r e n c e s  were found between th e  f r a c t u r e  s u r f a c e s  o f  d ry  
and immersed c re e p  sam ples ,  e x ce p t  f o r  th e  lo n g e r  p u l l - o u t s  found i n  a i r .  
T h e re fo re ,  i t  was d ec id ed  t h a t  th e  d i f f e r e n c e s  known to  e x i s t  betw een t t f  i n  th e  
two env ironm ents ,  was due to  aqueous a t t a c k  o f  th e  f i b r e / m a t r i x  i n t e r f a c e ,  and the  
E -g la s s  re in fo rc e m e n t  i t s e l f .  So, a more d e t a i l e d  ex am in a t io n  o f  th e s e  
re g io n s  was u n d e r ta k e n .
10 .3  F ib re  s u r f a c e  s t u d i e s
The ex am in a t io n s  u n d e r ta k en  i n  t h i s  s e c t i o n  a g a in  u sed  th e  S .E .M .,  th e  
work be ing  s p l i t  i n t o  2 s e c t i o n s : -
(a )  F ra c tu re  s u r f a c e  p u l l - o u t  f i b r e  c o n d i t io n
(b ) G enera l f i b r e  c o n d i t io n ,  away from th e  f a i l u r e  r e g io n .
The l a t t e r  s t u d i e s  were u n d e r ta k en  by c u t t i n g  a  s e c t i o n  from th e  sample gauge 
le n g th ,  and b u rn in g  th e  r e s i n  o f f  a t  450°C. The rem a in ing  g l a s s  p l i e s  were 
s e p a ra te d ,  and mounted on aluminium p l a n c h e t t e s  f o r  e x a m in a t io n .  To p re v e n t  
f i l a m e n t  movement, an  aluminium f o i l  c o l l a r  was used  to  s e c u re  th e  f i b r e  
ends .  T h is  l e f t  a s e c t i o n ,  10 x 15mm, o f  th e  p ly  s u r f a c e  v i s i b l e  f o r  s tu d y .  
F i n a l l y ,  a 2 - s t a g e  go ld  s p u t t e r  c o a t in g  was a p p l i e d ,  p r i o r  to  i n s e r t i o n  
in  th e  SEM.
In o r d e r  to  be a b le  to  examine th e  c o n d i t io n  o f  f i b r e s  a t  th e  i n t e r i o r  
s u r f a c e s  o f  woven fa b r ic  f i b r e  c r o s s - o v e r s ,  g l a s s  mats were a l s o  s e p a r a t e d  
in t o  warp and w eft ro v in g s .  These were th e n  mounted i n d i v i d u a l l y ,  c r o s s - o v e r  
i n t e r i o r  r e g io n s  upperm ost, i n  th e  manner d e s c r ib e d  above . 10 t e s t - p i e c e s
were examined in  t h i s  way, 4 from sam ples t h a t  f a i l e d  i n  a i r  a f t e r  up to  1 
month, and 6 from sam ples t h a t  had been lo a d ed  f o r  s i m i l a r  t im e s  p r i o r  to  f a i l u r e ,  
in  w ater  a t  60°C.
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1 0 .3 .1 .  P u l l - o u t  s tu d i e s
One o f  th e  f i r s t  o b s e r v a t io n s  made was t h a t ,  r a t h e r  th a n  i n d i v i d u a l  
f i l a m e n t s  b re a k in g  a t  a  random p o s i t i o n  a lo n g  t h e i r  le n g th  and p u l l i n g  o u t ,  
i t  was sometimes found t h a t  M .F.F. p u l l  o u t  o c c u r r e d .  The number o f  n e ig h ­
b o u r in g  b re a k s  observed  v a r ie d  from 5 ( f i g u r e  1 0 .7  ( a ) )  up to  a  s i g n i f i c a n t  
f r a c t i o n  o f  th e  t o t a l  ro v in g  p o p u la t io n  ( f i g u r e  1 0 .7  ( b ) ) .  These f e a t u r e s  
were found to  o c c u r  i n  th e  l o n g i t u d i n a l  woven ro v in g s ,  a t  t h e  p eak s  o f  th e  
t r a n s v e r s e  ro v in g  c r o s s - o v e r  r e g io n s  ( f i g u r e  1 0 .8 ) ,  i . e .  r e g io n s  o f  h ig h  l o c a l  
f i b r e  s t r e s s .  A ll  th e  examples shown a r e  from sam ples t e s t e d  in  a i r ,  b u t  
th e  same damage was a l s o  found a f t e r  immersed c r e e p - r u p tu r e  t e s t i n g .
When i n d i v id u a l  f i l a m e n t s  were examined a t  h ig h  m a g n i f i c a t io n ,  
c o n s id e ra b le  d i f f e r e n c e s  between d ry  and immersed sample c o n d i t io n  became 
a p p a re n t .  F igu re  10 .9  ( a ) ,  ta k en  from a sample t h a t  had f a i l e d  a f t e r  1 day 
a t  60^ UTÜL, i n  w a te r  a t  60°C, shows t h a t  f i b r e  /m a t r i x  bonding  had been s e v e re ly  
degraded  by th e  w a te r ,  w ith  no r e s i d u a l  r e s i n  d e b r i s  p r e s e n t  on th e  f i b r e  a f t e r  
p u l l  o u t .  Comparing t h i s  w ith  a f i b r e  from th e  f r a c t u r e  s u r f a c e  o f  a sample 
loaded  to  70% UTUL i n  a i r  f o r  a s i m i l a r  tim e ( f i g u r e  10 .9  ( b ) ) ,  showed t h a t  
in  t h i s  case ,  i n t e r f a c i a l  bonding remained c o h e re n t  up to  f a i l u r e .  T h is  
r e s u l t e d  in  th e  fo rm atio n  o f  a f i r m ly  bonded r e s i n  s le e v e  on th e  lo a d  b e a r in g  
f i b r e s  a f t e r  f r a c t u r e .
Samples t h a t  had been immersed in  w a te r  a t  60°C, a t  a lo a d  l e v e l  o f  
2^% UTUL, f o r  2^ months, showed d i r e c t  ev id en ce  o f  f i b r e  d e g r a d a t io n  on th e  
s u r f a c e  o f  th e  p u l l - o u t s .  F ig u re  10 .10  shows th e  c o n d i t io n  o f  such  f i l a m e n t s ,  
bo th  i n  th e  r e g io n  o f  f i b r e  f r a c t u r e  ( f i g u r e  10 .10  ( a ) )  and a r e a s  rem ote from 
t h i s  zone ( f i g u r e  10 .10  ( b ) ) .  Damage, i n  th e  form o f  s u r f a c e  le a c h in g ,  was 
f a i r l y  s e v e re  around th e  f i b r e  b re a k ,  d e c re a s in g  in  s e v e r i t y  away from t h i s  
r e g io n .  T h is  would be ex p ec ted ,  s in c e  f i b r e  f a i l u r e  o c c u rs  a t  th e  w eakest 
p o in t  a lo n g  a f i l a m e n t ,  which in  t h i s  c ase  would be th e  p o in t  most s e v e r e l y  
degraded by th e  m o is tu re .
In o r d e r  to  confirm  th a t  th e  observed  damage was induced  by m o is tu r e .
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d ry  c re e p  t e s t  sample p u l l - o u t  f i b r e s  were a l s o  examined. Where i t  was p o s s i b l e  
to  s tu d y  f i b r e  s u r f a c e  c o n d i t io n ,  such  a s  r e g io n s  where i n t r a - r o v i n g  p o r o s i t y  
had c r e a te d  l o c a l  a r e a s  o f  i n t e r f a c i a l  breakdown, none o f  th e  above damage 
was found. I t  was a l s o  shown t h a t  t h i s  damage was a b s e n t  from f i b r e s  s t u d i e d  
p r i o r  to  r e s i n  e n c a p s u l a t i o n  ( f i g u r e  1 0 .1 1 ) ,  i . e .  i t  was n o t  a m a n u fa c tu r in g  
d e f e c t .
10 . 3 . 2 . Resin b u r n - o f f s
Having e s t a b l i s h e d  th e  e x i s t e n c e  o f  f i b r e  c o r r o s i o n  p i t  damage i n  
immersed c reep  t e s t - p i e c e s ,  i t  was n e c e s s a ry  to  e s t a b l i s h  th e  l o c a t i o n  o f  t h i s  
damage in  th e  com posite  a s  a whole. When r e in fo rc e m e n t  p l i e s  from such  
samples were examined, no c o r r o s io n  damage was found on th e  o u t e r  p ly  s u r f a c e s  
( f i g u r e  1 0 .1 2 ) .  However, when in d i v id u a l  ro v in g s  were exam ined, c o r r o s io n  p i t s  
were found in  l o n g i t u d i n a l  f i b r e s .  T h is  damage o c c u r re d  on th e  i n t e r i o r  
s u r f a c e s  o f  weave c r o s s - o v e r s  ( f i g u r e  1 0 ,1 3 ) .  The o c c u rre n c e  o f  t h i s  p i t t i n g  
was h ig h ly  random, and a t te m p ts  to  q u a n t i f y  th e  growth o f  damage a s  a fu n c t io n  
o f  time immersed u n d e r  lo a d ,  were u n s u c c e s s f u l .
When th e  r e in fo rc e m e n t  from d ry  c re e p  t e s t - p i e c e s  was exam ined, no 
ev idence  o f  m o is tu re  induced  f i b r e  weakening was found, even i n  th e  i n t e r i o r  
re g io n s  o f  weave c r o s s - o v e r s .  To en su re  th e  daimage o b se rv ed  was n o t  an  
a r t e f a c t  caused  by c h a rg in g  in  th e  e l e c t r o n  beam, sam ples  were r e - c o a t e d  
s e v e ra l  t im e s ,  b e in g  examined between each t r e a tm e n t .  No change i n  th e  
damage shown was found to  o c c u r ,  c o n f irm in g  th e  damage to  be a r e a l  e f f e c t .
10 .4  EDAX a n a l y s i s  o f  r e s i n s
I f  th e  damage d e s c r ib e d  above ( 1 0 . 3 ) was due to  th e  l e a c h in g  o f  netw ork 
m o d i f ie r  io n s  from th e  g l a s s  s u r f a c e  ( 2 . 5 ) ,  i t  would be e x p ec ted  t h a t  an  i n c r e a s e  
in  th e  c o n c e n t r a t i o n  o f  th e s e  io n s  (Na^, , and Ca^^) would o c c u r  i n  th e  r e s i n
m a tr ix ,  d u r in g  immersed c r e e p - r u p tu r e  t e s t i n g .  To s tu d y  t h i s ,  th e  com p o si t io n  
of th e  n^atrix from th e  GRP t e s t e d  was a n a ly s e d ,  u s in g  th e  EDAX f a c i l i t y  p r e s e n t
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on th e  SQ4 used  f o r  t h i s  work.
Three r e s i n  c o n d i t io n s  were a n a l y s e d : -
(a )  'A s - c a s t  ' r e s i n , i . e .  no g l a s s  p r e s e n t
(b)  M atr ix  com posi tion  a f t e r  c re e p  t e s t i n g  i n  a i r
( c )  M atr ix  com posi t ion  a f t e r  c re e p  t e s t i n g  i n  d i s t i l l e d  w a te r  a t  60^C. 
The r e s i n  com posi t ion  from 3 sam ples was a n a ly se d  i n  (b) and ( c ) ,  w h i le  o n ly  
1 ' a s  c a s t '  sample was examined. Gold c o a t in g  had to  be u n d e r ta k e n  to  p re v e n t  
sample c h a rg in g ,  b u t  th e  c o a t in g  d e p o s i te d  was t h i n  enough to  a l lo w  th e  beam 
to  p e n e t r a t e  to  th e  r e s i n  s u b s t r a t e .  The beam was fo c u sse d  on r e s i n  r i c h  
r e g io n s  between f i b r e s ,  to  p r e v e n t  e r r o r s  due to  th e  p re se n c e  o f  g l a s s .  In  
a l l  c a s e s ,  a 100 second scan  was u n d e r ta k e n ,a t  a m a g n i f ic a t io n  o f  20,000X. A l l  
o th e r  p a ra m e te rs ,  such a s  h o r i z o n t a l  and v e r t i c a l  d i s p l a y  s c a l i n g  on th e  EDAX 
u n i t ,  were a l s o  k e p t  c o n s ta n t ,  to  a l lo w  d i r e c t i o n  co m p ar is io n s  to  be made 
between t r e a tm e n t s .
Three r e p r e s e n t a t i v e  EDAX s p e c t r a  a r e  shown in  f ig u r e  1 0 .1 4 .  I t  can  be 
seen  t h a t ,  f o r  th e  ' a s  c a s t '  r e s i n  ( f i g u r e  10 .14  ( a ) ) ,  th e  o n ly  p eak s  v i s i b l e  
were due to  th e  g o ld  c o a t in g .  EDAX i s  unab le  to  d e t e c t  low a tom ic  number 
s p e c ie s ,  e . g .  C, H, and 0 ,  and so th e  p u re  r e s i n  co m p o s i t io n  canno t 
be de te rm ined  by t h i s  method. The a n a l y s i s  o f  r e s i n  from d ry  c re e p  t e s t - p i e c e s  
( f i g u r e  10 .14  (b ) ) ,  showed th e  e x i s t e n c e  o f  sm a l l  amounts o f  ca lc iu m , 
p ro b ab ly  from s u b - s u r f a c e  f i b r e s .  The s i l i c o n  c o n te n t  o f  such  f i b r e s  was 
masked by th e  l a r g e  go ld  peak p r e s e n t .  L a s t ly ,  when th e  r e s i n  from immersed 
c r e e p - r u p tu r e  sam ples was a n a ly se d ,  c o n s id e r a b ly  h ig h e r  l e v e l s  o f  ca lc iu m  
were d e t e c t e d  ( f i g u r e  10 .14  ( c ) ) .  T h is  in c r e a s e  was a t t r i b u t e d  to  th e  
d i s s o l u t i o n  o f  ca lc ium  from f i b r e  s u r f a c e s .  No i n c r e a s e s  i n  sodium and 
po tass ium  l e v e l s  i n  th e  m a tr ix  were found.
10.3  O p t ic a l  m icroscopy
S e c t io n s  tak en  from w ell o v e r  100 sam ples ,  c o v e r in g  th e  whole range  o f  
t e s t s  perform ed f o r  t h i s  t h e s i s ,  were mounted and p o l i s h e d  a s  b e f o r e  (1 0 .1 ) ,  
then  examined u s in g  a p r o j e c t i o n  m icroscope . U sefu l in f o r m a t io n  on GRP
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perform ance  under  load  has been o b ta in e d ,  some o f  which w i l l  be o u t l i n e d  i n  
t h i s  s e c t i o n ,  w h ile  th e  rem ainder  w i l l  be covered  l a t e r  (11 . 3 ) .
Two ty p e s  o f  vo id  have been i d e n t i f i e d ,  a s  p r e v io u s ly  m entioned  ( l O . l ) .  
F ig u re  10.15 shows how r e s i n  v o id s ,  c r e a te d  by gas  en trappm en t d u r in g  c u re ,  
o f t e n  form a t  m a t r ix / ro v in g  i n t e r f a c e s .  These v o id s  a c t  a s  s t r e s s  r a i s e r s ,  
i n i t i a t i n g  m a tr ix  c ra c k in g  under load  ( f i g u r e  10 . 1 6 ) ,  a  s e r i o u s  problem  when t h i s  
o c c u rs  a t  th e  i n t e r f a c e .  The second , and i n  g e n e ra l  more damaging ( 5 .3 . 1 )  
type  o f  vo id ,w as  found to  o c c u r  w i th in  ro v in g s  ( f i g u r e  1 0 .1 7 ) .  They were 
e lo n g a te d  p a r a l l e l  to  th e  woven f i b r e s ,  p ro d u c in g  r e g io n s  o f  debonding . S in ce  
i n t r a - r o v i n g  p o r o s i t y  r e s u l t e d  from incom ple te  r e s i n  p e n e t r a t i o n  i n t o  th e  t i g h t l y  
bound woven ro v in g s ,  t h e r e  was a tendency  f o r  th e s e  d e f e c t s  to  form a t  th e  
most i n a c c e s s i b l e  re g io n s  o f  th e  f a b r i c ,  i . e .  weave c r o s s - o v e r  i n t e r f a c e s  
( f i g u r e  10 . 1 8 ) .  These v o id s  were a l s o  seen  to  a c t  a s  c ra c k  i n t i a t i o n  s i t e s  
( f i g u r e  10 . 19 ) .
C rack ing  was found to  o c c u r  i n  "as r e o a iv e d "  sam ples ,  p a r t i c u l a r l y  i n  th e  
r e g io n  o f  weave c r o s s - o v e r  p o in t s  ( f i g u r e  1 0 .2 0 ) .  T h is  was a t t r i b u t e d  to  
d i f f e r e n t i a l  th e rm a l c o n t r a c t i o n  o f  th e  m a tr ix  and r e in fo rc e m e n t  a f t e r  p o s t ­
c u re .  T h is  re g io n  o f  th e  m a te r i a l  was a l s o  shown to  a c t  a s  a  damage i n i t ­
i a t i o n  s i t e  when under  lo ad  ( f i g u r e  1 0 .2 1 ) ,  f u r t h e r  d e m o n s t r a t in g  th e  s t r e s s  
r a i s i n g  n a tu r e  o f  c r o s s - o v e r s .
When un d er  lo a d ,  v a r io u s  o th e r  forms o f  damage have been  i d e n t i f i e d .  
T ran sv e rse  c ra c k in g ,  c r e a te d  a t  low lo a d s  p r i o r  to  th e  o n s e t  o f  c re e p  ( 9 . 2 . ) ,  
was found to  o c c u r  i n  b o th  immersed and d ry  c r e e p - r u p t u r e  sam p le s .  T h is  was 




11 .1  Water up take  measurements
In  o rd e r  to  c h a r a c t e r i s e  m o is tu re  a b s o r p t i o n  i n  g l a s s / p o l y e s t e r  l a m in a t e s ,
a s e r i e s  o f  w a te r  u p take  t e s t s  were perfo rm ed  on sam ples ,  s u b je c t e d  to  a
v a r i e t y  o f  te m p e ra tu re s  and s t r e s s e s .  S ince  th e  sam ples  used  were n o t  p r e ­
d r i e d ,  i t  was f i r s t  n e c e s sa ry  to  d e te rm in e  th e  m o is tu re  c o n te n t  o f  ' a s  r e c e i v e d '  
m a t e r i a l .  T h is  was done by w eighing  a sam ple, th e n  d ry in g  i t  a t  60°C. Weight 
l o s s  was m onitored  u n t i l  2 consecu t i v e  r e a d in g s  were th e  same. S in c e  t h i s  lo s s  
was due to  th e  d e s o rp t io n  o f  w a te r  from th e  sam ple, m o is tu re  c o n te n t  was 
ex p re ssed  a s : -
% M oisture C ontent = Mi -  Mf
---------------------- X  100 -  l l l . U
Mi
where Mi was the  i n i t i a l ,  and Mf th e  f i n a l ,  re c o rd e d  sample w e ig h ts .
To determ ine th e  e f f e c t  o f  b o th  te m p e ra tu re  and s t r e s s ,  th e  fo l lo w in g  t e s t
c o n d i t io n s  were u sed .  Immersion i n  d i s t i l l e d  w a te r  a t : -
(a )  Room te m p era tu re  (23°C) Ci) UTUL
( i i )  40% UTUL
( i i i )  60% UTUL
(b) 60°C ( i )  0% UTUL
( i i )  30% UTUL
( i i i )  60% UTUL
In each ca se ,  around l8  sam ples were u s e d .  R e c ta n g u la r  t e s t  coupons were 
used  f o r  th e  zero  load  t e s t s ,  w hile  s ta n d a rd  'd o g -b o n e '  c re e p  specim ens were 
used  fo r  th e  rem ainder o f  th e  work. The lo a d  l e v e l s  chosen  were s e l e c t e d  
to  g ive  e s t im a te d  f a i l u r e  tim es o f  2 and 4o d ays ,  a c c o rd in g  to  f i g u r e  1 .1 .
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For th e  ze ro  lo ad  measurements, a l l  th e  p re p a re d  t e s t  coupons were 
immersed a t  th e  r e l e v a n t  te m p e ra tu re  l e v e l ,  th e n  i n d i v i d u a l l y  removed from 
th e  environm ent a t  r e g u la r  tim e i n t e r v a l s  up to  kk d ays .  On rem oval, a 
s e c t i o n  was c u t  from th e  sample f o r  f u tu r e  ex am in a t io n ,  and th e  rem a inder  
immersed in  w a te r  a t  room te m p e ra tu re  f o r  30 m in u te s , t o  com pensate f o r  any 
w eigh t l o s s  d u r in g  c u t t i n g .  A f te r  t h i s  tim e i n t e r v a l ,  th e  coupon was r e t r i e v e d ,  
s u r f a c e  m o is tu re  removed, and th e n  a c c u r a t e l y  weighed. I t  was th e n  d r i e d  
a t  60°C u n t i l  c o n s ta n t  w eight was a c h ie v e d ,  th e n  m o is tu re  c o n te n t  c a l c u l a t e d  
a c c o rd in g  to  e q u a t io n  1 1 .1 .  D rying took a b o u t  2 weeks. In  t h i s  way, c u rv e s  
o f  m o is tu re  up take  a g a i n s t  tim e immersed were b u i l t  up .
For th e  measurement o f  u p ta k e  when un d er  s t r e s s ,  each  group o f  sam ples 
was lo a d ed  in  th e  c reep  r i g  (1 2 .1 )  to  th e  r e q u i r e d  l e v e l ,  th e n  i n d i v i d u a l  
t e s t - p i e c e s  removed f o r  exam ina tion  a t  r e g u l a r  tim e i n t e r v a l s ,  chosen  to  
co v e r  th e  e s t im a te d  t t f  ran g e .  On rem oval, a r e c t a n g u l a r  s e c t i o n  was c u t  
from th e  sample gauge l e n g th ,  then, immersed f o r  30 m inu tes  in  room 
te m p e ra tu re  v e te r .M o is tu r e  c o n te n t  was th e n  de te rm ined  u s in g  th e  method 
o u t l i n e d  above. The rem ainder  o f  each sample was r e t a i n e d  f o r  f u tu r e  s t u d i e s .  
(1 1 .2  -  1 1 .3 ) .
1 1 .1 .1 .  Water up tak e  a t  room te m p e ra tu re
F ig u re  11 .1  shows th e  r e s u l t s  o b ta in e d  f o r  a l l  th e  t e s t s  u n d e r ta k e n  
i n  d i s t i l l e d  w a te r  a t  23° 0 . The ' a s  r e c e iv e d '  m o is tu re  c o n te n t  u sed  was 
0.26%. The s c a t t e r  i n  r e s u l t s  found was f a i r l y  l a r g e , a s  i s  u s u a l l y  found 
i n  measurements o f  t h i s  k in d .  I t  was found t h a t  the  a p p l i e d  lo a d  in c r e a s e d  
b o th  th e  up tak e  r a t e , a n d  o v e r a l l  m o is tu re  c o n t e n t , i n  th e  manner ex p e c te d  
( 6 .2 ) .  I n i t i a l  u p ta k e  r a t e  in c re a s e d  by 30% under  lo a d ,  from 0 .7% /day  a t  
0% UTUL, to  1 .0%/day a t  60% UTUL.
1 1 .1 .2  Water up take  a t  60°C
F ig u re  11.2  shows up tak e  a t  e l e v a te d  te m p e ra tu re s .  A pp lied  lo a d
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a f f e c t e d  up take  i n  an i d e n t i c a l  f a s h io n  to  t h a t  a t  23°C. The change i n  
te m p e ra tu re  was found to  in c r e a s e  b o th  u p ta k e  r a t e , a n d  o v e r a l l  m o is tu re  c o n te n t  , 
a t  each lo ad  l e v e l .  For example, a f t e r  40 d ays ,  m o is tu re  c o n te n t  a t  60°C 
was tw ice  t h a t  a t  23°C f o r  th e  same s t r e s s  c o n d i t i o n s ,  w h ile  th e  i n i t i a l  u p ta k e  
r a t e  was in c re a s e d  by 38% under  lo a d ,g o in g  from 1.1%/day a t  0% UTUL,to 1 .8% / 
day a t  60% UTUL.
11 . 1 .3  M oisture c o n te n t  a f t e r  long  term  immersion
Two samples t h a t  had been loaded  in  w a te r  f o r  lo n g  t im es  were d r i e d  a t  
60°C, and th e  weight l o s s  reco rd ed  a g a i n s t  d ry in g  t im e , to  d e te rm in e  th e  
e f f e c t  o f  s t r e s s  and te m p era tu re  on th e  maximum m o is tu re  c o n te n t  o f  GRP.
The 2 samples had been s u b je c te d  to  th e  fo l lo w in g  c o n d i t i o n s : -
(a )  18 months a t  20% UTUL in  w a te r  a t  40°C
(b) 3 y e a rs  a t  35^ UTUL in  w a te r  a t  23°C.
The r e s u l t s  from t h i s  work a r e  shown i n  f ig u r e  1 1 .3 . I t  can be s een  t h a t
sample (a )  absorbed  3 *5^  m o is tu re ,  1% more th a n  ( b ) ,  showing th e  dominant 
e f f e c t  tem p era tu re  had on w a te r  a b s o r p t io n .
1 1 .1 .4  F icks  law m o is tu re  up take
In o rd e r  to  c a l c u l a t e  d i f f u s i o n  c o e f f i c i e n t s  f o r  each  o f  th e  above 
t r e a tm e n ts ,  f ig u r e s  1 1 .1 -1 1 .3  were r e p l o t t e d  a s  u p ta k e  v s .  V^t ( 6 . 1 ) .  I t  
was found t h a t  d i f f u s io n  in  a l l  th e  t e s t s  was anomolous, w he ther  r e s u l t s  
de te rm ined  from re p e a te d  measurements on a s i n g l e  sample ( f i g u r e  1 1 . 4 ) ,  o r  
from s e p a r a te  samples t e s t e d  f o r  d i f f e r e n t  t im e s  ( f i g u r e  11 . 5 ) ,  were 
c o n s id e re d .  In  the  l i g h t  o f  o th e r  work (s e e  be low ),  th e  a d d i t i o n a l  e f f o r t  
r e q u i r e d  to  e s t im a te  d i f f u s i o n  c o e f f i c i e n t s  from t h i s  d a t a ,  u s in g  models t h a t  
accoun t f o r  v a r i a b i l i t y  i n  sample co m p o s i t io n ,  d id  n o t  seem to  be j u s t i f i e d .
11.2  Debonding s tu d ie s
Having removed a s e c t i o n  f o r  w a te r  u p ta k e  m easurem ents, sam ples  from
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th e  above programme were examined to  d e te rm in e  th e  grow th  o f  m o is tu re  induced  
debonding , p a r t i c u l a r l y  i n  th e  lo a d  b e a r in g  w .r .  p l i e s ,  a s  a  f u n c t io n  o f  tim e 
under  th e  v a r io u s  t e s t  c o n d i t io n s  d e s c r ib e d  ( 1 1 .1 ) .  Samples were s tu d ie d  
u s in g  t r a n s m i t t e d  l i g h t ,  debonding  b e in g  r e v e a le d  a s  r e g io n s  o f  shadow in  th e  
o th e rw is e  t r a n s l u c e n t  m a t e r i a l .  Having found th e  o b se rv ed  debond damage to  
be i r r e v e r s i b l e  on w a te r  d e s o r p t io n ,  sam ples  from th e  z e ro  lo a d  w a te r  up tak e  
t e s t  were examined a f t e r  d ry in g  (11. 1 ) .  In  a l l  c a s e s ,  a  r e c o rd  o f  th e  damage 
found i n  a  sample a f t e r  im m ersion, was rec o rd e d  u s in g  a  camera f i t t e d  w ith  
a  105mm c lo s e  up l e n s .
To de te rm ine  th e  m o is tu re  t r a n s p o r t  r o u te  i n t o  lo a d e d  sam ples ,  2 t e s t -  
p i e c e s ,  w ith  edges  s e a l e d  u s in g  s i l i c o n e  ru b b e r ,  were lo a d ed  to  60% UTUL 
in  w ater, a t  6(P c .  The l e v e l  o f  debonding found on f a i l u r e ,  a f t e r  2 days , 
was th e n  compared to  a sample t h a t  had f a i l e d  a f t e r  1 day , u n d e r  th e  same 
c o n d i t i o n s ,  w ith  exposed  e d g es .
F i n a l l y ,  th e  b u i l d  up o f  weave debonding w ith  tim e was q u a n t i f i e d ,  f o r  
sam ples t e s t e d  a t  60°C. To do t h i s ,  ph o to g rap h s  ta k e n  o f  sam ples were o v e r ­
l a i d  w ith  t r a c i n g  p a p e r ,  and th e  t e s t - p i e c e  o u t l i n e , a n d  r e g io n s  o f  debonding , 
s k e tc h e d  o u t .  These t r a c i n g s  were th e n  p la c e d  upon s ta n d a rd  m e tr ic  graph  
p a p e r ,  and an e s t im a te  o f  th e  t o t a l  a re a  o f  each  t e s t - p i e c e  co v e re d  by weave 
debond p a tc h e s  was o b ta in e d  th rough  square  c o u n t in g .  T h is  was done f o r  
5 sam ples ,  a t  each lo a d  l e v e l ,  immersed f o r  v a ry in g  le n g th s  o f  t im e ,f ro m  which 
cu rv es  o f  % weave debonding  a g a i n s t  tim e immersed cou ld  be drawn.
1 1 .2 .1 .  Debonding o f  immersed sam ples u n d e r  ze ro  lo a d
(a )  23°C -  At room te m p e ra tu re ,  no s i g n i f i c a n t  l e v e l s  o f  debonding  were 
d e te c te d  a f t e r  4? days i n  w a te r ,  even in  th e  o u t e r  c . s . r a .  p l i e s .
(b )  60°C -  At e l e v a te d  te m p e ra tu re s ,  th e  r a t e  o f  debonding  was 
a c c e l e r a t e d ,  o u t e r  c . s .m .  debonding be ing  f i r s t  o b se rv ed  a f t e r  1 day by the  
in c re a s e d  prominence o f  th e  f i b r e s  ( f i g u r e  11 .6  ( a ) ) .  T h is  c o n t in u e d  to  
expand, b e in g  v i r t u a l l y  com plete  a f t e r  11 days ( f i g u r e  11 .6  ( b ) ) .  Weave c r o s s ­
o v er  debonding , i n i t i a t i n g  from sample edges , was f i r s t  d e t e c t e d  a f t e r  15 days 
( f i g u r e  11. 6 ( c ) ) .
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From th e se  2 t e s t s ,  th e  in f lu e n c e  o f  te m p e ra tu re  on th e  speed  o f  
i n t e r f a c i a l  breakdown in  th e s e  m a t e r i a l s  was d e m o n s tra te d .
1 1 .2 .2 .  Debonding o f  sam ples lo ad ed  to  30^ ÜTÜL in  w a te r ,  a t  60°C
I t  was found t h a t  o u t e r  c . s .m .  debonding  o c c u r re d  u n d e r  lo a d  a t  th e  
same r a t e  a s  above ( 1 1 .2 .1 .  ( b ) ) .  However, i n t e r f a c i a l  d e g ra d a t io n  o c c u r r e d  
much f a s t e r  in  th e  w .r .  p l i e s .  T h is  damage was c o n c e n t r a te d  a t  th e  weave c r o s s ­
o v e r  r e g io n s ,  p roduc ing  a c h a r a c t e r i s t i c  'c h e q u e r - b o a rd '  p a t t e r n  o f  shadow 
under t r a n s m i t t e d  l i g h t .  Weave debonding was f i r s t  o b se rv ed  a f t e r  j u s t  
1 day ( f ig u r e  11 .7  ( a ) ) ,  a t  th e  sample edge , and i t  had sp re a d  th ro u g h o u t  
th e  sample by  day 7 ( f i g u r e  1 1 .7  ( b ) ) .  No t r a n s v e r s e  c r a c k in g  was o b se rv e d  
in  th e se  samples when un loaded ,  d e s p i t e  th e  f a c t  t h a t  such  damage was found 
to  o ccu r  a t  20% UTUL when loaded  in  a t e n s i l e  s t r e n g t h  t e s t  ( 1 1 .4 ) ,  i . e .  
c ra c k in g  a t  30% UTUL was r e v e r s i b l e  on u n lo a d in g .
11 . 2 . 3 . Debonding o f  sam ples lo ad ed  to  4o% UTUL i n  w a te r ,  a t  23°C
T h is  was th e  same, i n  p r i n c i p l e ,  a s  found a t  z e ro  lo a d ,  i . e .  debonding  
r a t e  was reduced i n  com paris ion  to  sam ples lo a d ed  a t  e l e v a t e d  t e m p e r a tu r e s ,  b u t  
the  g e n e ra l  t r e n d s  i n  damage fo rm a t io n  were th e  same. No s i g n i f i c a n t  l e v e l s  
o f  o u t e r  c . s .m .  debonding were found a f t e r  47 days ( c . f .  1 1 .2 .1 .  ( a ) ) -  Weave 
c r o s s -o v e r  debonding was f i r s t  d e t e c te d  a t  th e  sample edges a f t e r  7 d ay s ,  b u t  
damage p ro p o g a tio n  a t  t h i s  te m p e ra tu re  was so s low , t h a t  no ' c h e q u e r -b o a rd  * 
p a t t e r n  o f  shadow was e s t a b l i s h e d  by day 47 ( c . f .  1 1 . 2 . 2 . )  Sam ples lo a d ed  to
t h i s  l e v e l  were found to  c o n ta in  permanent t r a n s v e r s e  c ra c k  damage.
1 1 .2 .4 .  Debonding o f  sam ples lo a d ed  to  60% UTUL i n  w a te r
(a )  23°C -  The e f f e c t  o f  i n c r e a s i n g  th e  a p p l i e d  lo a d  a t  room te m p e ra tu r e ,  
was to  a c c e l e r a t e  th e  r a t e  o f  weave debonding  ( c . f .  1 1 .2 .3 »  )• In  t h i s  c a s e ,  
woven rov ing  debonding was f i r s t  observed  a f t e r  2 d ay s ,  and by th e  t im e  f a i l u r e
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o c c u r re d  (day 4 ) ,  a f a i n t  p a t t e r n  o f  'ch eq u e r-b o a rd *  s h a d in g  had been e s t a b l i s h ­
ed th roughou t th e  sam ple. Again, no o u t e r  c . s .m .  debonding  was o b se rv ed  a t  
t h i s  load  l e v e l .
(b) 60° C -  At t h i s  te m p e ra tu re ,  weave debonding  was v e ry  r a p i d ,  b e in g
f i r s t  observed  a t  th e  sample edges a f t e r  j u s t  1 h o u r  ( f i g u r e  1 1 .8  ( a ) .  A f te r  
7 h o u rs ,  woven p ly  i n t e r f a c i a l  breakdown was v i r t u a l l y  com plete  ( f i g u r e  1 1 . 8 ( b ) ) ,  
O u te r  c . s .m .  debonding was n o t  found a t  t h i s  lo a d  l e v e l  because  sample f a i l u r e  
o c c u r re d  in  1 day, whereas c . s .m .  breakdown was shown to  r e q u i r e  lo n g e r  im mersion 
t im es  than  t h i s  ( 1 1 .2 .1 ) .
In  bo th  o f  th e  above c a s e s ,  s e v e re  t r a n s v e r s e  c ra c k  damage was c r e a t e d .
By s e a l i n g  the  sample edges ,  p r e v e n t in g  w a te r  flow th ro u g h  th e s e  c r a c k s ,  i t  
was found t h a t  th e  l e v e l  o f  weave c r o s s - o v e r  debonding  damage was g r e a t l y  
reduced .  F igure  11 .9  shows th e  c o n d i t io n  o f  an edge s e a le d  sample a f t e r  
2  days in  w ate r  a t  60% UTUL, and 60^C.
11 . 2 . 5 . Summary o f  debonding o b s e r v a t io n s
(a )  When immersed under  ze ro  lo a d ,  d i f f u s i o n  o f  w a te r  i n t o  th e  sample 
o c c u rre d  mainly th rough  the  sample f a c e s ,  w ith  th e  o u t e r  c . s .m .  debonding  
f i r s t .
(b) Face dominated d i f f u s i o n  r a t e  was te m p e ra tu re  d ep en d e n t,  b u t  
i n s e n s i t i v e  to  lo a d .
( c )  On lo a d in g ,  t r a n s v e r s e  c ra c k s  were c r e a t e d ,  a l lo w in g  r a p id  m o is tu re  
i n g r e s s  to  o ccu r  v ia  samples edges ,  th ro u g h  c a p i l l a r y  flow  up th e s e  c h a n n e ls .
(d )  Edge d i f f u s i o n  r a t e  was b o th  te m p e ra tu r e ,a n d  l o a d , s e n s i t i v e .
( e )  Under lo a d ,  weave debonding o c c u r re d  a t  th e  h ig h ly  s t r e s s e d  ro v in g  
c r o s s - o v e r  re g io n s ,p ro d u c in g  a 'c h e q u e r -b o a rd '  p a t t e r n  o f  i n t e r f a c i a l  
d e g ra d a t io n .
( f )  I n c re a s in g  th e  t e s t  te m p e ra tu re  a c c e l e r a t e d ,  r a t h e r  th a n  
a l t e r e d ,  th e  mechanisms o f  d i f f u s i o n  and debonding .
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1 1 .2 .6  A n a ly s is  o f  debonding a t  60°C
F ig u re  11 .10  shows the  r e s u l t s  from th e  q u a n t i t a t i v e  a n a l y s i s  o f  weave 
debonding a s  a fu n c t io n  o f  immersion tim e, a t  th e  3 s t r e s s  l e v e l s  u s e d .  I t  can be 
seen t h a t  in c r e a s in g  th e  a p p l i e d  lo a d  le d  to  an i n c r e a s e  in  th e  r a t e  o f  weave c r o s s ­
o v e r  debonding , and a r e d u c t io n  in  th e  tim e r e q u i r e d  to  i n i t i a t e  t h i s  d e g ra d a t io n .
At 30% UTUL, a maximum debond l e v e l  o f  63% was a t t a i n e d  a f t e r  30 d ay s ,  a f t e r  which 
no f u r t h e r  d e g ra d a t io n  was o bse rved .  D esp ite  th e  r a p id  n a tu r e  o f  debonding  
a t  60% UTUL, t h i s  l e v e l  o f  debonding was n o t a t t a i n e d ,  due to  th e  low t t f  a t  t h i s  
lo a d ,  i . e .  f a i l u r e  occu rred  b e fo re  debonding was com ple te .
A p l a t e a u  a t  8% in  the  amount o f  debonding , was reached  by day 20 f o r  
sam ples immersed under zero  lo a d .  However, a f t e r  44 d ay s ,  a f u r t h e r  i n c r e a s e  in  
debonding was becoming a p p a re n t .  T h is  t r e n d  was confirm ed  by lo o k in g  a t  
samples immersed under zero  load  f o r  6 months a t  60°C ( 1 1 .4 ) ,  where weave 
debonding had reached  th e  65^ l e v e l .
F i n a l l y ,  some thought was g iven  to  th e  p r e d i c t i o n  o f  m o is tu re  c o n te n t  a s  a 
fu n c t io n  o f  t im e ,  u s in g  d i f f u s i o n  law s. T h is  was r e q u i r e d  a s  a m easure o f  the  
m o is tu re  induced p ro p e r ty  d e g ra d a t io n  to  be ex p ec ted  in  GRP. F ig u re  11.11 shows 
th e  r e l a t i o n s h i p  between m o is tu re  c o n te n t ,  and th e  l e v e l  o f  debond damage a t  3 load 
l e v e l s .  T h is  was found by c r o s s - p l o t t i n g  d a ta  from f i g u r e s  11 .2  and 11 .10 .  For 
example, to  produce a l e v e l  o f  10% weave debonding would r e q u i r e  a m o is tu re  
c o n te n t  o f  2.8% a t  zero  lo a d ,  b u t  o n ly  0.9% a t  60% UTUL. Thus, i t  can be seen  
th a t  th e  r e l e v a n t  pa ram e te r  f o r  a s s e s s i n g  m o is tu re  d e g ra d a t io n  in  GRP, c o n ta in in g  
woven f a b r i c  p l i e s ,  i s  the  l o c a t i o n  o f  m o is tu re  c o n c e n t r a t i o n s ,  r a t h e r  th a n  the  
o v e r a l l  l e v e l  o f  u p ta k e .  Thus, i t  was f e l t  u n n e c e ssa ry  to  c a l c u l a t e  d i f f u s i o n  
c o e f f i c i e n t s  f o r  th e  m a te r ia l  s t u d i e d .
1 1 .3 M o is tu re induced  m a tr ix  c ra c k in g  s t u d i e s
To a s s e s s  th e  c o n t r i b u t i o n s  made by te m p e ra tu re ,  m o is tu re ,  and s t r e s s ,  to  
th e  growth o f  damage during  c re e p  lo a d in g ,  s e c t i o n s  cu t  from sam ples from the
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above  programmes ( 1 1 .1 - 1 1 .2 ) ,  were mounted and examined u s in g  an o p t i c a l  
m icroscope .  The t e s t  c o n d i t io n s  s tu d ie d  were a s  b e f o r e ,  i . e .  im mersion i n  
d i s t i l l e d  w a te r  a t : -
(a )  23^C ( i )  0% UTUL
( i i )  40% UTUL 
( i i i )  60% UTUL
(b) 60°C ( i )  0% UTUL
( i i )  30% UTUL 
( i i i )  60% UTUL
A s e c t i o n  c u t  from each o f  th e  sam ples  t e s t e d  und er  th e  g iv e n  c o n d i t io n s  
w as exam ined ,to  e s t a b l i s h  th e  manner o f  damage acc u m u la tio n  w ith  tim e a t  each  
t e s t  c o n d i t io n .
11 . 3 . 1 . Damage development d u r in g  immersion a t  zero  lo a d
The g e n e ra l  p a t t e r n  o f  m a tr ix  c rac k  growth found was th e  same a t  60°C 
as  t h a t  found a t  room te m p e ra tu re ,  and th e  fo l lo w in g  d e s c r i p t i o n  a p p l i e d  to  
bo th  t e s t  te m p e ra tu r e s .  No c ra c k in g  was found i n  ' a s  r e c e i v e d '  sam ples 
( f i g u r e  11.12 ( a ) ) ,  and t h i s  remained th e  c a se  u n t i l  t e s t -  p i e c e s  had been 
immersed f o r  6 d ay s .  At t h i s  t im e ,  m o is tu re  induced  c ra c k  damage was 
observed  to  i n i t i a t e  from i n t e r n a l  d e f e c t s ,  such as  r e s i n  v o id s  ( f i g u r e  1 1 .1 2 (b ) )  
T h is  c ra c k in g  th e n  became more pronounced a s  im m ersion tim e in c r e a s e d .
11. 3 .2  Damage development d u r in g  immersion i n  w a te r  a t  30% UTUL and 60°C 
At t h i s  s t r e s s  l e v e l ,  no t r a n s v e r s e  c ra c k  damage was found to  o c c u r  
on lo a d in g  ( f i g u r e  I I . I 3 ) .  There was no ob se rv ed  change in  th e  p a t t e r n  o f  damage 
growth from t h a t  o u t l i n e d  above, i . e .  a p p l i e d  lo a d  had no e f f e c t  on th e  l e v e l  
o f  i n t e r n a l  m a tr ix  c ra c k in g  found d u r in g  immersion i n  w a te r ,
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11 .3*3  Damage development d u r in g  immersion i n  w a te r  a t  40% UTUL,and 23°C
T ra n sv e rs e  c rac k  damage, i n i t i a t e d  on lo a d in g ,  was ob se rv ed  to  o c c u r  a t  
t h i s  lo a d  l e v e l  ( f i g u r e  1 1 .1 4 ) .  A f te r  t h i s ,  f u r t h e r  m a tr ix  c r a c k in g  i n i t i a t e d  
a f t e r  6 days ( f i g u r e  11 . 1 5 ) i n  th e  same manner a s  d e s c r ib e d  i n  1 1 .3 -1 -
11 . 3 .4  Damage development d u r in g  immersion in  w a te r  a t  60% UTUL
In  t h i s  c a s e ,  a f t e r  i n i t i a l  lo a d in g  induced  t r a n s v e r s e  c ra c k  c r e a t i o n ,  
no f u r t h e r  growth in  damage was o b se rv ed ,  e i t h e r  a t  23°C o r  60°C. S in c e  
m o is tu re  induced  c ra c k in g  i n i t i a t e d  a f t e r  6 days ,  w h ile  sam ples a t  t h i s  lo a d  
had a t t f  o f  upto  4 days ,  t h i s  would be e x p e c te d .
11 . 3 .5  Summary o f  o b s e rv a t io n s
The growth o f  m a tr ix  c ra c k in g  w i th in  immersed sam ples o f  GRP was found 
to depend s o l e l y  on the  p resen ce  o f  m o is tu re ,  and was in d e p en d en t o f  b o th  
a p p l ie d  lo ad  and te m p e ra tu re .  Thus, any d i f f e r e n c e s  in  la m in a te  re sp o n se  
found under th e  v a r io u s  t e s t  c o n d i t io n s  d e s c r ib e d ,  must have been due to  th e  
growth o f  debonding in  the  f a b r i c  r e in fo rc e m e n t  (1 1 .2 ) ,  and aqueous c o r r o s io n  
o f  th e  f i b r e s  them se lves  ( 10 . 3 ) .
11 .4  R esidua l s t r e n g t h  t e s t s
A s e r i e s  o f  t e n s i l e  t e s t s  were perfo rm ed  to  d e te rm in e  th e  e f f e c t  t h a t  
immersion a t  ze ro  lo ad  f o r  long  t im es  (6 months) had on th e  s t r e n g t h  o f  th e  
GRP u sed .  Two immersion te m p e ra tu re s  were u s e d : -
(a )  Room te m p era tu re  (23°C ).
(b )  60°C
For each s e t  o f  t e s t s ,  24 t e s t  coupons were c u t  from a s i n g l e  GRP s h e e t ,  
a s  s t a t e d  i n  9 .1 .  Twelve o f  th e s e  sam ples were th e n  immersed a t  th e  r e q u i r e d  
te m p era tu re  i n  d i s t i l l e d  w a te r ,  f o r  6 m onths. The rem a inder  were t e s t e d  
d ry , to  p ro v id e  a r e f e r e n c e  s t r e n g t h .
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T e s ts  were perform ed on an I n s t r o n  1195$ a t  a c ro s s -h e a d  speed  o f  
0.5n«n/min, to  a l lo w  a c o u s t i c  m o n i to r in g  o f  th e  t e s t .  E igh t  sam p les ,  from each  
o f  th e  4 g roups, were m onito red  to  f a i l u r e , u s i n g  an  A ETC A.E. System , l in k e d  
to  a  m icrocomputer f o r  d a ta  c o l l e c t i o n  and a n a l y s i s .  Using s o f tw a re  deve loped  
a t  Bath U n iv e r s i ty ,  p l o t s  o f  t o t a l  a c o u s t i c  e v e n t s ,  and lo a d ,  a g a i n s t  d e f l e c t i o n ,  
were produced . The rem ain ing  4 sam ples from each  group were m on ito red  
p h o to g ra p h ic a l ly ,  2 u s in g  o rd in a ry ,  and 2 c r o s s - p o l a r i s e d ,  t r a n s m i t t e d  l i g h t .
The l a t t e r  was used to  r e v e a l  s t r e s s  f i e l d s  c r e a t e d  on lo a d in g .  T e s t - p i e c e s  
were b a c k - l i t ,  and photographed a t  10 second i n t e r v a l s ,  from ze ro  lo a d  to  
f a i l u r e , '  u s in g  a camera equipped w ith  a  105mm c l o s e  up l e n s .  In  t h i s  way, 
a re c o rd  o f  damage accu m u la tio n  d u r in g  lo a d in g  was o b t a i n e d , f o r  each  o f  th e  
p r e - c o n d i t io n in g  t r e a tm e n ts  used .
The r e s u l t s  from t h i s  woric, a r e  p r e s e n te d  i n  t a b l e  1 1 .1 .  S t r e n g t h  lo s s  
was measured a s  th e  d i f f e r e n c e  between th e  a v e ra g e  d ry ,a n d  p r e - s o a k e d ,  U .T .S .  
f o r  each t e s t  p l a t e .  A s l i g h t  drop i n  s t r e n g t h  o f  15% was r e c o rd e d  a f t e r  so ak ­
in g  a t  23°C, b u t  a t  60°C, d e g ra d a t io n  was much more s e v e r e ,  and a s t r e n g t h  l o s s  
o f  was rec o rd e d .  Sample c o n d i t io n  b e fo re  and a f t e r  p r e - s o a k in g  a t  60°C 
i s  shown in  f ig u r e  1 1 .1 6  C o n d it io n  a f t e r  immersion a t  23°C was unchanged from 
t h a t  observed  in  d ry  t e s t - p i e c e s .
1 1 .4 .1 .  A coustic  b eh av io u r  o f  d ry  samples
A v ery  h igh  l e v e l  o f  a c o u s t i c  a c t i v i t y  was re c o rd e d  th ro u g h o u t  sample 
lo a d in g ,  f i r s t  damage o c c u r r in g  a t  abou t 20% o f  th e  f r a c t u r e  lo a d ,  where 
the  l o a d / d e f l e c t i o n  curve 'k n e e '  p o in t  was l o c a te d  ( f i g u r e  1 1 .17  ( a ) ) .  I t  
was found t h a t  samples p re -so ak ed  a t  23°C produced  i d e n t i c a l  r e s u l t s  to  th e s e  
o u t l in e d  f o r  t e n s i l e  t e s t i n g  o f  d ry  m a t e r i a l .
1 1 .4 .2  A coustic  beh av io u r  a f t e r  p r e - s o a k in g  a t  60°C
C o n s id e rab le  changes in  b eh av io u r  were found a f t e r  t h i s  p r e - c o n d i t i o n  
t r e a tm e n t .  The l o a d / d e f l e c t i o n  'k n e e '  p o in t  became l e s s  p ronounced , and
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o c c u r re d  a t  around  9% o f  u l t im a te  lo a d .  A cous tic  a c t i v i t y  was g r e a t l y  
reduced  ( f i g u r e  1 1 .1 7 ( b ) ) ,  and th e  p o in t  o f  o n s e t  l e s s  d i s t i n c t .
11 . 4 .3  P h o to g rap h ic  m o n i to r in g  o f  d ry  t e n s i l e  t e s t
T ran sv e rse  c r a c k in g  was f i r s t  d e t e c te d  a t  a lo a d  o f  a p p ro x im a t le y  20%
UTUL ( f ig u r e  1 1 . I 8 ) .  When s tu d ie d  und er  c r o s s - p o l a r i s e d  l i g h t ,  i t  was found 
t h a t  o u t e r  p ly  lo a d in g  commenced a t  t h i s  s t r e s s  ( f i g u r e  11 . 1 9 ) , i . e .  c.s.m:» 
became lo a d  b e a r in g  above th e  l o a d / d e f l e c t i o n  knee p o i n t .
Damage i n i t i a t i o n ,  from th e  sample ed g es ,  commenced i n  th e  c . s . m .  
p l i e s  a t  50% UTUL ( f i g u r e  11 .20  ( a ) ) ,  w h ile  a lo a d  l e v e l  o f  70% UTUL was r e q u i r ­
ed to  induce weave c r o s s - o v e r  s t r e s s  w h ite n in g  ( f i g u r e  11 .20  ( b ) ) .  C racks  
began to  form in  th e  l o n g i t u d i n a l  woven ro v in g s  a t  80% UTUL, i n i t i a l l y  a t  th e  
sample edges ( f i g u r e  11 .20  ( c ) ) .  On f u r t h e r  lo a d in g ,  th e s e  c r a c k s  c o n t in u e d  
to grow, e v e n tu a l ly  c o a l e s c in g  to  produce f r a c t u r e  ( f i g u r e  1 1 .2 0  ( d ) ) .
Samples p re -so a k e d  a t  23°C behaved in  e x a c t ly  th e  same manner a s  d e s c r ib e d  
above.
1 1 .4 .4 .  P ho to g rap h ic  m o n i to r in g  o f  t e n s i l e  b e h a v io u r  a f t e r  p r e - s o a k in g  a t  60°C 
C o n s id e ra b le  debond w h ite n in g  had o c c u r re d  d u r in g  p r e c o n d i t i o n i n g ,  and 
t h i s  le d  to  a change in  b e h a v io u r  from t h a t  found i n  d ry  t e s t s .  F ig u re s  
11.21  and 11.22  g iv e  a com parison o f  th e  sample c o n d i t io n  u n d e r  lo a d  o f  
dry  ( f i g u r e  11 . 2 1 ),  and p re - s o a k e d  ( f i g u r e  11 . 2 2 ) , t e s t - p i e c e s  when s t u d i e d  
u s in g  c r o s s  p o l a r i s e r s .  In  th e  l a t t e r  c a s e ,  no damage b u i l d  up was o b se rv ed  
d u r in g  lo a d in g  p r i o r  to  f r a c t u r e ,  and t h e r e  was a  com ple te  a b sen ce  o f  s t r e s s  




1 2 .1  Development o f  m o n i to r in g  system
'1
The creep  r i g s  used  f o r  t h i s  t h e s i s  com prised  8 l e v e r  arm lo a d in g  p o i n t s ,  
a t t a c h e d  to  a s t e e l  fram e. Samples were a t t a c h e d  to  th e  lo ad  arms u s in g  b o l t e d  
end p l a t e s  ( f ig u r e  1 2 .1 ) .  A s t a i n l e s s  s t e e l  ta n k  was p la c e d  betw een th e  lo a d  
arm s, a l lo w in g  sample lo a d in g  to  be a c h ie v e d  d u r in g  im mersion i n  d i s t i l l e d  
w a te r  ( f ig u r e  1 2 .2 ) .  Weights were a p p l i e d  to  th e  f a r  end o f  th e  lo a d  arm. Due 
to  th e  le v e r  arm r a t i o  used , th e  sample s t r e s s  was m a g n if ied  by a f a c t o r  o f  20 . 
I n i t i a l  lo a d in g  o f  a sample was ac h ie v e d  by s u p p o r t in g  th e  arm w ith  a s c i s s o r -  
ja c k  w hile  th e  w eights  were a t t a c h e d ,  th e n  lo w er in g  a t  an  a p p ro x im a te ly  c o n s ta n t  
r a t e  u n t i l  th e  sample su p p o r ted  th e  lo a d .
Much o f  th e  m o n ito r ing  o f  c ree p  i n  GRP p r e v io u s ly  u n d e r ta k e n ,  p a r t i c u l a r l y
i n  w a te r ,  has used t r a n s d u c e r s  a t t a c h e d  to  th e  lo a d in g  arms to  m o n i to r
d e f l e c t i o n  (124).  T h is  le a d s  to  u n c e r t a i n t y ,  s in c e  th e  r e s u l t s  o b ta in e d  cou ld  
be due to  a load  r i g  a r t e f a c t ,  r a t h e r  th a n  t r u e  m a te r i a l  d e f l e c t i o n .  Thus, 
i t  was dec ided  to  m on ito r  c ree p  d e f l e c t i o n s  d i r e c t l y  from th e  t e s t - p i e c e  gauge 
l e n g th ,  to  determ ine w hether  secondary  c re e p  was c o n t in u o u s ,  o r  o c c u r re d  in  
d i s c r e t e  s t e p s .  S t r a i n  gauges were s e l e c t e d  f o r  th e s e  m easurem ents .
S e v e ra l  problems acc ru ed  from t h i s  d e c i s i o n : -
(a) A n iso tro p ic  s t r a i n  f i e l d s  -  on lo a d in g ,  th e  s t r a i n  l e v e l s  w i th in
a com posite  a r e  h ig h ly  v a r i a b l e ,  and g r e a t  c a r e  was needed to  e n s u re  t h a t  r e a d in g s
were r e a l i s t i c .
(b )  Small secondary  c reep  s t r a i n s  -  th e  r e a d in g s  o f  d e f l e c t i o n  o b ta in e d
d u r in g  secondary  c reep  can be swamped,by th e rm a l  e x p an s io n  i n  th e  sam ple , o r
2
i  R lo s s e s  i n  the  gauge c i r c u i t r y .
( c )  Zero d r i f t  in  w a t e r - s t r a i n  gauges exposed to  w a te r  f a i l  to  o p e r a te  
p r o p e r ly  a f t e r  a s h o r t  t im e .
(d) Gauge f a i l u r e  on lo a d in g  -  i t  was found t h a t ,  when gauges  were
a t t a c h e d  to  th e  sample fa c e s  u s in g  th e  recommended p o l y e s t e r  a d h e s iv e ,
t r a n s v e r s e  c ra c k s ,  formed d u r in g  lo a d in g ,  p a s se d  th ro u g h  th e  gauge, making 
them in o p e r a t iv e .
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To overcome th e s e  problem s, th e  fo l lo w in g  p ro c e d u re s  were u s e d : -
(a )  S t r a i n  gauges o f  30mm le n g th  were u sed ,  to  produce a  r e p r e s e n t a t i v e  
"ave rage"  o u tp u t .
(b )  Dummy gauges were u se d ,  i n  a h a l f - b r i d g e  m easuring  c i r c u i t ,  to
2
ba lan ce  o u t  any d e f l e c t i o n s  due to  th e rm al e x p an s io n .  To reduce  i  R l o s s e s ,  
gauges, l e a d s  were a l l  c u t  to  th e  same le n g th ,  which was k e p t  below Im.
(c )  A r a ld i t e  epoxy ad h e s iv e  was used a s  a  m o is tu re  b a r r i e r ,  b o th  by 
c o a t in g  th e  exposed gauge face  and c o n n e c t io n s ,  and a t t a c h i n g  th e  gauge to  t h e  
sample. The l a t t e r  p re v e n te d  m o is tu re  a t t a c k  from b eh in d .
Cd) Gauge c ra c k in g  was a l l e v i a t e d  by a t t a c h i n g  i t  to  th e  sample edge, 
r a t h e r  th a n  th e  f a c e .
Having developed  a means o f  c o n v e r t in g  sample d e f l e c t i o n  i n t o  an  
e l e c t r o n i c  s i g n a l ,  a system  f o r  p r o c e s s in g  and r e c o r d in g  t h i s  d a ta  was r e q u i r e d  . 
I t  was dec ided  to  use  a Commodore PET 4032 m icro -com pu ter  to  c o l l e c t  d a t a ,  
so an a n a l o g u e / d i g i t a l  c o n v e r t e r  had to  be b u i l t , t h a t  was c a p a b le  o f  m o n i to r in g  
8 s t r a i n  ch an n e ls  from the  c ree p  r i g ,  f o r  t im es  Of up to  1 y e a r .  Because o f  
the  requ irem en t f o r  lo n g  term a c c u ra c y ,  i t  was e s s e n t i a l  t h a t  th e  A/D had 
low d r i f t  c h a r a c t e r i s t i c s ,  p ro d u c in g  e r r o r s  below th e  r e q u i r e d  s t r a i n  r e s o l u t i o n  
(0 . 01% s t r a i n ) .
The m o n ito r  was d ev e lo p ed ,an d  b u i l t , ' i n  h o u s e ' .  M ic ro p ro c e ss o rs  were 
chosen f o r  t h e i r  low d r i f t ,  r a t h e r  than  h ig h  speed ,  c h a r a c t e r i s t i c s ,  g iv in g  
a channel scan  r a t e  o f  4 seco n d s .  To improve d e t e c t i o n  s e n s i t i v i t y ,  a v a r i a b l e  
ga in  a m p l i f e r  was u sed .  T h is  gave an a m p l i f i c a t i o n  o f  5 to  50dB, th e  fo rm er 
l e v e l  b e in g  used th ro u g h o u t th e s e  t e s t s .  Channels  were read  i n  s e q u e n c e ,  
th e  re a d in g  b e in g  fed ,  v ia  a m u l t ip l e x  u n i t ,  to  th e  c o m p u te r 's  memory.
The so f tw are  used to  m o n ito r  c ree p  was ad ap ted  from a programme k in d l y  
s u p p l ie d  by workers a t  L iverpoo l U n iv e r s i t y .  A machine code s u b - r o u t i n e  
was w r i t t e n  to  run th e  s t r a i n  m o n ito r ,  and i t  was c a l l e d  up e v e ry  35 seconds  
by the  main programm e,to scan  th e  gauge o u tp u t .  I n c r e a s e s  in  s t r a i n  were th e n
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s t o r e d  on floppy  d i s c ,  a lo n g  w ith  th e  e la p s e d  t im e .  From th e s e  d a ta  f i l e s ,  
s t r a i n  read in g s  were p r i n t e d  o u t ,  and c re e p  c u rv es  m anually  draw n,on com­
p l e t i o n  o f  a t e s t .  The m o n i to r in g  equipment used ,  i n c lu d in g  a  PAG 5004 AE 
A n a ly se r  (1 2 .5 -1 2 .5 )» i s  shown i n  f i g u r e  1 2 .3 .
12 .2  I n te r r u p t e d  c reep  t e s t s .
A s e r i e s  o f  16 sam ples were loaded  to  72% UTUL in  a i r ,  and th e n  removed 
f o r  exam ination  i n d i v i d u a l l y ,  a t  r e g u l a r  i n t e r v a l s  up to  32 d ay s .  Sauaple c o n d i t io n  
a f t e r  un load ing  was reco rd ed  u s in g  t r a n s m i t t e d  l i g h t  p h o to g rap h y ,  a f t e r  w hich, 
s e c t i o n s  were cut and p o l i sh e d ,  f o r  exam in a t io n  u s in g  an o p t i c a l  m ic ro sco p e .  In  
t h i s  way damage a cc u m u la tio n ,  b o th  c r a c k in g ,a n d  s t r e s s  w h i te n in g  a round  f i b r e  
ro v in g s ,d u r in g  a d ry  c ree p  t e s t  cou ld  be m on ito red .
On lo a d in g  the  sam ples ,  t r a n s v e r s e  c r a c k in g  was found to  o c c u r .  There 
was no in c re a s e  i n  m a tr ix  damage found d u r in g  the  time umder lo a d ,  and s t r e s s  
w h iten ing  due to  debonding in  th e  lo ad  b e a r in g  w .r .  p l i e s ,  was n o t  o b se rv ed  
u n t i l  im m ediately  p r i o r  to  f a i l u r e .  T h is  confirm ed  t h a t  th e  debonding  found 
e a r l i e r  ( 11 . 2 ) r e s u l t e d  from th e  a c t io n  o f  th e  aqueous env ironm en t,  r a t h e r  
than  th e  a p p l ie d  load .
While th e  p o l i s h e d  s e c t i o n s  showed no in c r e a s e  i n  c r a c k in g  w ith  t im e ,  
m acroscopic t r a n s v e r s e  c ra c k s ,  up to  a ro v in g  w idth  i n  l e n g th ,  were found 
to  o ccu r  a t  i r r e g u l a r  time i n t e r v a l s  ( f i g u r e  1 2 .4 ) .  T h is  p e r i o d i c  damage 
was a l s o  found to  o ccu r  i n  immersed c reep  t e s t s ,  where debond s h a d in g  r e v e a le d  
t h i s  c ra c k in g  to  o ccu r  a t  th e  ro v in g  c r o s s - o v e r s .  I t  was o b se rv ed  t h a t  f i n a l  
f r a c t u r e  tended  to  o ccu r  th rough  c o a le sc e n c e  o f  th e s e  ro v in g  t r a n s v e r s e  
c ra c k s ,  norm ally  a t  the  neck o f  th e  'dog-bone* p r o f i l e .
12 .3  Creep t e s t s  in  a i r
Using th e  a p p a ra tu s  d e s c r ib e d  in  1 2 .1 ,  a programme o f  c re e p  t e s t i n g  
in  a i r  was u n d er ta k en .  S ix  lo ad  l e v e l s ,  i n  th e  range 57-85% UTUL, were 
i n v e s t i g a t e d .  Between 4 and 8 samples were loaded  a t  each  s t r e s s .  Creep 
s t r a i n  a s  a fu n c t io n  o f  e la p se d  time was re c o rd e d  f o r  a l l  sam p les .  In  a d d i t i o n .
110.
a c o u s t i c  a c t i v i t y  was m onito red  i n  a t  l e a s t  50% o f  th e  sam ples t e s t e d  a t  each  
lo ad  l e v e l .
A coustic  a c t i v i t y  was m on ito red  u s in g  a PAC 3004, Four Channel Real Time 
A.E. A nalyser  u n i t ,  d a ta  b e in g  s t o r e d  on f lo p p y  d i s c  f o r  f u t u r e  a n a l y s i s .  The 
system was run i n  2 -ch an n e l  mode, a l lo w in g  2 sam ples to  be m on ito red  s i m u l t ­
a n e o u s ly ,  to  conserve  d is c  sp a c e .  Due to  l i m i t a t i o n s  on th e  tim e r e g i s t e r ,  
t e s t s  cou ld  o n ly  be m onito red  f o r  l 8  h o u rs ,  so f o r  lo n g  t t f  sam p les ,  o n ly  th e  
i n i t i a l  a c o u s t i c  a c t i v i t y  was r e c o rd e d .  From th e  s to r e d  d a t a ,  p r i n t - o u t s  
o f  t o t a l  e v e n ts ,  and even t a m p li tu d e ,  a g a i n s t  e la p s e d  t im e ,  were p roduced .
To en su re  r e s u l t  c o m p a ra b i l i ty ,  a l l  d a ta  was c o l l e c t e d  a t  a g a in  o f  60dB, 
w ith  a 0.2V th r e s h o ld  l e v e l .
12. 3 . 1 . Creep m o n i to r in g
T r a d i t i o n a l  c r e e p - r u p tu r e  d a ta  f o r  t h i s  m a te r i a l  was g e n e ra te d  by t h i s  
programme, th e  r e s u l t s  o f  which are  p r e s e n te d  in  t a b l e  1 2 .1 ,  and f i g u r e  1 2 .5 .
In  the  l a t t e r  c a s e ,  th e  e r r o r  b a r s  r e p r e s e n t  th e  d i f f e r e n c e  betw een th e  
low est,  and h ig h e s t ,  reco rd ed  tim e to  f a i l u r e  ( t t f ) .  I t  can be seen  t h a t  
a t  h igh  lo a d s ,  i n  ex ce ss  o f  80% UTUL, th e r e  was an  in c r e a s e  in  c r e e p - r u p t u r e ,  
p l o t  g r a d i e n t .
F igu re  ] 2 .6  p r e s e n t s  a s e r i e s  o f  c re e p  c u rv es  drawn f o r  sam ples  t e s t e d  
a t  a v a r i e t y  o f  lo a d  l e v e l s .  Below 80% UTUL, c l a s s i c a l  3 - s t a g e  c re e p  b e h a v io u r  
o c c u r re d ,  though i n  most c a s e s ,  f a i l u r e  was so r a p id  t h a t  th e  t e r t i a r y  c re e p  
r e g io n  was no t d e t e c t e d .  Secondary  c re e p  was found to  i n c r e a s e  i n  d i s c r e t e  
s t e p s ,  th e s e  o c c u r r in g  a t  i r r e g u l a r  tim e i n t e r v a l s .  Above 80% UTUL, th e  
seco n d ary  c reep  r e g io n  became v a n i s h in g ly  s m a l l ,  w ith  f a i l u r e  i n i t i a t i n g  imm­
e d i a t e l y  a f t e r  p r im a ry  c re e p .  T h is  t r a n s i t i o n  c o in c id e d  w ith  th e  g r a d i e n t  
change in  f ig u r e  1 2 .5 .
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12 . 3 .2  A coustic  em iss ion  m o n i to r in g
Thfe a c o u s t i c  even t v s .  tim e cu rv e s  found f o r  th e  above sam ples ,  were o f  
a  3-G tage form, s i m i l a r  to  th e  c re e p  c u rv e s  d e s c r ib e d  above . T h is  s i m i l a r i t y  
can be seen  in  f ig u r e  1 2 . 7 ( i ) ,  where th e  a c o u s t i c  d a ta  c o l l e c t e d  a t  a 
v a r i e t y  o f  lo a d  l e v e l s  i s  p r e s e n te d .  T o ta l  e v e n ts  re co rd ed  were found to  
d e c re a s e  w ith  r e d u c t io n s  i n  a p p l ie d  lo a d .
When even t am p litude  v s .  tim e c h a r t s  were s t u d i e d  ( f i g u r e  1 2 .7  ( i i ) ? '  
p e r io d i c  h ig h  am p li tu d e  peaks were found to  o c c u r  d u r in g  seco n d a ry  c r e e p , i n  
sam ples loaded  to  l e v e l s  up to  80% UTUL. These peaks  were o f  a s i m i l a r  
i n t e n s i t y  to  am p litu d e  l e v e l s  reco rd ed  d u r in g  lo a d in g ,  where t r a n s v e r s e  
c ra c k in g  was o bse rved  to  o c c u r .  Above 80% UTUL, s i g n a l  a m p l i tu d e  rera®ihed 
a t  a c o n s ta n t ,  h ig h ,  l e v e l  th roughou t th e  t e s t .
Comparing ev en t a m p li tu d e  d a ta  w ith  th e  c o r re s p o n d in g  sample c re e p  
cu rv e ,  showed t h a t  s e v e r a l  o f  th e se  h igh  am p litu d e  peaks o c c u r re d  a t  th e  
same tim e a s  th e  secondary  c ree p  s t r a i n  jumps ( f i g u r e  1 2 .8 ) .  The rem a in in g  
s ig n a l  peaks were a t t r i b u t e d  to  damage growth o u t s id e  th e  m easu ring  range  o f  th e  
s t r a i n  gauge.
12 . 3 .3  A n a ly s is  o f  c reep  d a ta
From th e  c re e p  cu rves  p roduced , v a r io u s  o th e r  p a ra m e te rs  were p l o t t e d  
a g a i n s t  a p p l i e d  lo a d ,  a s  d e f in e d  in  f ig u r e  12.9. Ci , th e  maximum p r im a ry  
s t r a i n  induced  a t  a g iven  % UTUL, was p r o p o r t i o n a l  to  th e  a c t u a l  a p p l i e d  
s t r e s s  in  th e  sam ple . C s ,  th e  maximum secondary  c re e p  s t r a i n ,  was used  to  
deno te  th e  c re e p  f a i l u r e  s t r a i n ,  s in c e  on p a s s in g  i n t o  th e  t e r t i a r y  c re e p  
re g io n ,  f r a c t u r e  i s  c o n s id e re d  to  i n i t i a t e  (1 2 6 ) .  C ( t ) ,  th e  t o t a l  c ree p
s t r a i n ,  was s im ply  d e f in e d  a s  the  d i f f e r e n c e  between C s  and C i .
When th e s e  p a ra m e te rs  were p l o t t e d  ( f i g u r e  1 2 .1 0 ) ,  some i n t e r e s t i n g  
o b s e rv a t io n s  were made : -
(a )  A l i n e a r  r e l a t i o n s h i p  e x i s t e d  between b o th  C s ,  and C i,  and a p p l i e d
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lo a d ,  th e  l a t t e r  e x t r a p o l a t i n g  to  ze ro  a t  0% UTUL i n  th e  manner e x p e c te d .
(b) T o ta l  c re e p  s t r a i n  d e c re a se d  w ith  i n c r e a s in g  a p p l i e d  lo a d ,  e x t r a p ­
o l a t i n g  to  ze ro  a t  100% UTUL, a g a in ,  an  ex p ec ted  r e s u l t  .
(c )  The l e v e l  o f  c re e p  f a i l u r e  s t r a i n  ( C s)  was a lw ays  i n  e x c e ss  o f
th e  p r e v io u s ly  de te rm in ed  minimum t e n s i l e  f a i l u r e  s t r a i n  f o r  t h i s  m a t e r i a l .  
(9 -3 ) -  By e x t r a p o l a t i n g  Cs back to  t h i s  s t r a i n  l e v e l  (shown a s  th e  l i n e  
AB), a c r e e p - r u p t u r e  l i m i t  was d e f in e d  to  e x i s t  a t  th e  c o r re s p o n d in g  lo a d  
(15 . 3 . 1 . ) .  T h is  l i m i t  was found to  o c c u r  a t  50% UTUL.
I t  was f u r t h e r  found t h a t  a p l o t  o f  Ci v s .  t t f  ( c f .  c r e e p - r u p t u r e  c u rv e ,  
where ^ i  was p r o p o r t i o n a l  to  th e  a p p l i e d  s t r e s s ) ,  te n d ed  to  a l i m i t ,  a t  a 
l e v e l  o f  E i  p roduced  by a p p ly in g  a s t r e s s  o f  50% UTUL ( f i g u r e  1 2 .1 1 ) .
Thus, bo th  s e t s  o f  d a ta  produced id e n t i c a ]  c r e e p - r u p tu r e  l i m i t s .
12.4  Immersed c re e p  s tu d ie s
A s e r i e s  o f  c ree p  t e s t s  were perform ed on sam ples immersed i n  d i s t i l l e d  
w ate r  a t  room te m p e ra tu re ,  i n  th e  above manner. In t h i s  c a s e ,  4 r e p l i c a t e  t e s t s  
were u n d e r ta k e n ,a t  each o f  8 lo ad  l e v e l s ,  i n  th e  range 39-85% UTUL. Two 
samples a t  each lo a d  l e v e l  were m on ito red  u s in g  th e  A.E. a n a l y s e r ,  a s  w e l l  
a s  th e  s t r a i n  m o n i to r .  To accom plish  t h i s  , a sm all  r e g io n  a t  th e  to p  o f  
th e  sample was l e f t  unimmersed, and th e  A.E. t r a n s d u c e r  a t t a c h e d  a t  t h i s  
p o in t .  S t r a i n  gauges were c o a t e d , t o  p re v e n t  m o is tu re  d e g ra d a t io n  ( 1 2 .1 ) .
The r e s u l t s  o b ta in e d  d u r in g  a c o u s t i c  em iss io n  m o n i to r in g  were i d e n t i c a l  
to  th o se  found d u r in g  c ree p  i n  a i r  ( f i g u r e  12 . 7 ) .
1 2 .4 .1  Creep m o n i to r in g
From th e  c r e e p - r u p t u r e  d a ta  c o l l e c t e d  d u r in g  th e s e  t e s t s  ( t a b l e  1 2 .2 )  
i t  can be seen  t h a t  th e  p re s e n c e  o f  an aqueous environm ent reduced  GRP 
f a ' i l u r e  t im e s ,  a t  lo a d  l e v e l s  below 80% UTUL ( f ig u r e  1 2 .1 2 ) .  Above t h i s
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l e v e l ,  beh av io u r  became environm ent i n s e n s i t i v e .
Some t y p i c a l  c reep  cu rv es  o b ta in e d  i n  t h i s  s e c t i o n  a r e  shown i n  f i g u r e  
12 . 15 . I t  can be seen  t h a t  th e  b a s ic  form o f  c ree p  re sp o n se  was i d e n t i c a l  to  
t h a t  found in  a i r .  The m ajor d i f f e r e n c e s  found were m a t t e r s  o f  d e t a i l .
F i r s t l y ,  the  o v e r a l l  l e v e l  o f  c re e p  i n  w a te r  was in c r e a s e d  o v e r  t h a t  found in  
a i r ,  and second ly ,  t e r t i a r y  c ree p  was more o f t e n  observed  to  o c c u r , i . e .  immersion 
in  w a te r  ex tended th e  t e r t i a r y  r e g io n .  F i n a l l y ,  c r e e p - r u p t u r e  o c c u r re d  a t  lo a d  
l e v e l s  p r e v io u s ly  s t a t e d  n o t to  cause  tim e dependen t f a i l u r e  in  a i r  ( 1 2 .3 .3 * )
1 2 .4 .2  A n a ly s is  o f  c reep  d a ta
An i d e n t i c a l  p rocedu re  to  t h a t  o u t l i n e d  i n  12 .3*3 .  was fo llow ed  u s in g  
th e  c ree p  d a ta  produced  d u r in g  immersion ( f i g u r e  1 2 .1 4 ) ,  from which th e  
fo l lo w in g  o b s e rv a t io n s  were made : -
(a )  Gi v s .  a p p l ie d  lo a d  in  w a te r  was i d e n t i c a l  to  th e  r e s u l t s  found 
in  a i r , i . e .  maximum p rim ary  c reep  s t r a i n  l e v e l  was environm ent i n s e n s i t i v e .
(b) Higher l e v e l s  o f  c ree p  s t r a i n  were found in  w a te r ,  though a g a in ,
E ( t )  e x t r a p o la t e d  to  zero  a t  100^ UTUL.
(c )  T h e ^ ra d ie n t  o f  th e  c re e p  f a i l u r e  s t r a i n  ( E g )  l i n e  was reduced
by t e s t i n g  in  w a te r  In  t h i s  c a s e ,  e x t r a p o l a t i n g  back to  AB,gave a c r e e p -
r u p tu r e  l i m i t  a t  a lo ad  l e v e l  o f  around ^0% UTUL ( 1 5 . 5 . 2 . )
Once a g a in ,  by p l o t t i n g  v s .  t t f  ( f i g u r e  1 2 .1 5 ) ,  a r u p tu r e  l i m i t  was 
observed  to  o c c u r  a t  a l e v e l  o f ^ i  produced on lo a d in g  to  30^ UTUL. From 
p re v io u s  r e s u l t s  ( 1 1 .4 ) ,  i t  was around t h i s  lo a d  l e v e l  t h a t  t r a n s v e r s e  
c ra c k in g  was f i r s t  observed  to  o c c u r .
12 .5  I n i t i a l  lo ad  r a t e  t e s t s
T e s t s  were perform ed to  d e te rm ine  th e  e f f e c t  o f  i n i t i a l  lo a d  a p p l i c a t i o n  
r a t e  on th e  f a i l u r e  time o f  GRP load ed  i n  a i r ,  i n  an a t te m p t  to  improve d a ta  
r e p r o d u c i b i l i t y .  A s in g le  load  arm r i g  was u sed ,  in  c o n ju n c t io n  w ith  a c o n s ta n t
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c r o s s - h e a d  d isp lacem en t r a t e  t e n s i l e  t e s t  m achine. The l e v e r  arm was r a i s e d  
u s in g  th e  c ro s s -h e a d ,  and a sample mounted. Weights were a t t a c h e d ,  s u f f i c i e n t  
to  produce a load  l e v e l  o f  UTUL, and th e  l e v e r  arm low ered  a t  a c o n s ta n t  
c ro s s -h e a d  speed u n t i l  th e  sample s u p p o r te d  th e  e n t i r e  lo a d .  A f te r  t h i s ,  th e  
c ro s s -h e a d  was d e -coup led  from th e  l e v e r  arm, and th e  sample t t f  re c o rd e d  
a s  a fu n c t io n  o f  lo a d in g  r a t e .
Three c ro s s -h e a d  speeds  were u sed ,  0 . 1 ,  1*0, and lO.Omm/min, 4 sam ples  
be ing  t e s t e d  a t  each r a t e .  Damage growth d u r in g  c re e p  lo a d in g  was a l s o  
m o n i to red ,b y  use o f  th e  PAC A.E. a n a l y s e r .
F igu re  12.16 shows t h a t  no r e l a t i o n s h i p  l i n k i n g  t t f  w ith  i n i t i a l  lo a d in g
r a t e  was e v id e n t .  S ince  GRP i s  v i s c o e l a s t i c ,  i n c r e a s e s  i n  lo a d in g  r a t e
would in c r e a s e  the  l e v e l  o f  b r i t t l e  c rack  damage in  th e  sam ple . Thus, i t  must 
have been the  case  t h a t  any changes in  damage l e v e l s  induced  by r a p id  i n i t i a l  
lo a d in g ,w e re  masked by th e  g e n e ra l  v a r i a b i l i t y  found in  GRP.
From the  A.E. work, i t  was found t h a t  a r e l a t i o n s h i p  d id  e x i s t  betw een
i n i t i a l  damage (number o f  e v e n ts  reco rd ed  i n  th e  f i r s t  600 seconds o f  a t e s t )
and t t f  ( f ig u r e  1 2 .1 7 ) .  The m ajor d e te rm in in g  f a c t o r  i n  th e  c r e a t i o n  o f  t h i s  
damage was th e  a p p l i e d  s t r e s s  l e v e l ,  w ith  i n i t i a l  lo a d  r a t e  p ro d u c in g  o n ly  
a secondary  e f f e c t  ( 15 . 2 ) .
PART THREE
D I S C U S S I O N
1 1 5 .
CHAPTER 1 3
MECHANICAL PROPERTIES OF G.R.P.
13»1 T e n s i le  p r o p e r t i e s  o f  mixed re in fo rc e m e n t  G .R .P .
I t  can be seen from f ig u r e  9 .2  t h a t  th e s e  la m in a te s ,  c o n t a in in g  a h igh  
p r o p o r t i o n  o f  w .r .  r e in fo rc e m e n t ,  were on ly  e l a s t i c  a t  low lo a d s .  At 
a p p ro x im a te ly  20^  o f  u l t im a te ,  th e  l o a d / d e f l e c t i o n  curve changed g r a d i e n t ,  
c r e a t i n g  a "k nee" .  When m onito red  p h o to g r a p h ic a l ly ,  i t  was found t h a t  t h i s  
change in  t e n s i l e  b eh av io u r  co rresponded  to  th e  o n s e t  o f  c r a c k in g  a lo n g  th e
t r a n s v e r s e  woven f i b r e / m a t r i x  i n t e r f a c e s  ( f i g u r e  1 1 .1 8 ) .  T h is  was a l s o  th e
p o in t  a t  which s t r e s s  g r a d i e n t s  were f i r s t  observed  in  the  c . s .m .  p l i e s  under  
ex am in a t io n  between c r o s s - p o l a r i s e r s  ( f i g u r e  11 . 19 ) .
The fo rm a t io n  o f  a 'k n e e '  i n  th e  l o a d / d e f l e c t i o n  curve  o f  f a b r i c  lam­
i n a t e s ,  t e s t e d  in  t e n s i o n ,  has been w idely  r e p o r te d  (2 0 ) .  I f  a f a b r i c  i s  
s t r e s s e d  p a r a l l e l  to  e i t h e r  o f  th e  ro v in g  d i r e c t i o n s ,  d e f l e c t i o n s  a r e  
p roduced  a s  th e  l o n g i t u d i n a l  ro v in g s  s t r a i g h t e n  under lo a d .  I n i t i a l l y ,  th e  
t r a n s v e r s e  ro v in g s  p r e s e n t  do n o t  c o n s t r a i n  t h i s  movement to  any  g r e a t  
e x t e n t ,  b u t  r a t h e r  accomodate i t  th rough  an  in c r e a s e  i n  f i b r e  c rim p . As 
lo a d in g  p r o g r e s s e s ,  t h i s  accom odation becomes more d i f f i c u l t ,  and th e  l e v e l  
o f  c o n s t r a i n t  on f i b r e  s t r a i g h t e n i n g  in  th e  lo ad  b e a r in g  ro v in g s  i n c r e a s e s  to  
a p o in t  where f u r t h e r  d e f l e c t i o n s  a r e  n o t  p o s s i b l e  th rough  t h i s  mechanism.
G la s s  f a b r i c s  can d e f l e c t  to  a much l a r g e r  e x te n t  th an  s t r a i g h t  f i b r e s ,  
th rough  th e  d ua l a c t i o n  o f  l o n g i tu d in a l  s t r a i g h t e n i n g  ( n o n - l i n e a r ), and e l a s t i c  
f i b r e  e x te n s io n .  When h e ld  in  a b r i t t l e  m a t r ix ,  however, s t r a i g h t e n i n g  in
the  l o n g i t u d i n a l  ro v in g s  i s  p re v en ted  by th e  r e s i n  p h ase .  At low lo a d s ,
t h e r e f o r e ,  t o t a l  re sp o n se  i s  due to  th e  e l a s t i c  e x te n s io n  o f  f i b r e  and m a tr ix  
c o n s t i t u e n t s .
I t  has been shown (50) t h a t  GRP i s  v e ry  weak when loaded  t r a n s v e r s e  to  
the  f i b r e  d i r e c t i o n ,  f a i l u r e  o c c u r r in g  th rough  f i b r e / m a t r i x  debonding . In 
f a b r i c  la m in a te s ,  c o n ta in in g  ^0% o f  the  re in fo rc e m e n t  in  th e  t r a n s v e r s e  d i r e c t i o n ,  
t h i s  weakness l e a d s  to  th e  fo rm atio n  o f  t r a n s v e r s e  c ra c k s  a t  low lo a d s .
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i n i t i a t e d  th rough  t r a n s v e r s e  f i b r e / m a t r i x  bond breakdown. Once t h i s  damage 
has i n i t i a t e d ,  t r a n s v e r s e  ro v in g s  a r e  cap a b le  o f  l im i t e d  movement, which then  
a l lo w s  f i b r e  s t r a i g h t e n i n g  to  o c c u r  in  th e  l o n g i tu d in a l  d i r e c t i o n .  T h is  
in c r e a s e  in  sample d e f l e c t i o n  th en  c au ses  a drop in  modulus, r e s u l t i n g  i n  the  
o b se rv ed  l o a d / d e f l e c t i o n  b e h a v io u r .
S t r a i g h t e n i n g  o f  th e  l o n g i t u d i n a l  woven ro v in g s  can induce  debonding  in  
th e  lo a d  b e a r in g  d i r e c t i o n ,  p a r t i c u l a r l y ,  a t  weave c r o s s - o v e r s ,  though ev idence  
o f  t h i s  i s  n o rm a l ly  o n ly  found c l o s e  to  f a i l u r e .  However, t h i s  change in  
modulus, a f t e r  t r a n s v e r s e  c rack  i n i t i a t i o n ,  does change th e  lo a d  b e a r in g  
c h a r a c t e r i s t i c s  o f  mixed re in fo rc e m e n t  la m in a te s .  At low s t r e s s e s ,  a l l  th e  
load  i s  su p p o r te d  by th e  c o n t in u o u s  ( i . e . w . r . ) , r e i n f o r c e m e n t ,  w ith  n e g l i g i b l e  
l e v e l s  o f  s t r e s s  t r a n s f e r  to  th e  more com plian t  c . s .m .  p l i e s .  A f te r  t r a n s v e r s e  
c rack  fo rm a t io n ,  o v e r a l l  la m in a te  com pliance i n c r e a s e s ,  and lo a d  t r a n s f e r  to  
th e  c . s .m .  p l i e s  becomes s i g n i f i c a n t  ( f i g u r e  1 1 . 2 1 . ) .
At lo a d  l e v e l s  c lo s e  to  f a i l u r e  ( f i g u r e  1 1 .2 1 ) ,  d e la m in a t io n s  have been 
found to  o c c u r  a t  woven ro v in g  c r o s s - o v e r  p o i n t s ,  a s  a  r e s u l t  o f  l o n g i t u d i n a l  
f i b r e  s t r a i g h t e n i n g .  T h is  damage i n i t i a t e d  a t  th e  sample e d g es ,  where s t r e s s  
c o n c e n t r a t i o n s  were h igh  due to  th e  d i s c o n t i n u i t y  p r e s e n t ,  and sp re a d  i n t o  th e  
sample on f u r t h e r  lo a d in g .  F ib r e s  i n  th e s e  c r o s s - o v e r  r e g io n s  were h ig h ly  
s t r e s s e d ,  due b o th  to  th e  bend ing  p r e s e n t  i n  woven r o v in g s ,  and th e  drop in  load  
t r a n s f e r  e f f i c i e n c y .  The l a t t e r  O ccu rred  a s  a r e s u l t  o f  l o c a l i s e d  
d e la m in a t io n .  F r a c tu r e  o f  th e  sample e v e n t u a l l y  r e s u l t e d  from an  accu m u la tio n  
o f  f i l a m e n t  b re a k s  i n  th e s e  h ig h  s t r e s s  r e g io n s ,  c r e a t i n g  c ra c k s  t h a t  
c o a le sc e d  to  p roduce  th e  f i n a l  f a i l u r e  p a th ,
13,2  Load r a t e  e f f e c t s
With th e s e  low com posites  (around J>0%)  ̂ th e  v i s c o e l a s t i c  n a tu re  o f  
the  m a tr ix  can have a s i g n i f i c a n t  in f lu e n c e  on th e  t e n s i l e  p r o p e r t i e s .  In 
p a r t i c u l a r ,  s t a n d a rd  m echan ical p r o p e r t i e s  w i l l  be a fu n c t io n  o f  th e  load  r a t e  
used on t e s t i n g  ( 7 . 1 ) .  However, i t  has a l s o  been found t h a t  g l a s s  f i b r e s  
have a time dependen t s t r e n g t h  due to  s t r e s s  c o r ro s io n  (6 2 ) ,  d e s p i t e  t h e i r
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e l a s t i c  response  up to the point, o f  f a i l u r e .  In many i n s t a n c e s ,  the f i b r e  
and matr ix  t ime dependent p r o p e r t i e s  are  in  d i r e c t  c o m p e t i t i o n ,  and the  
f i n a l  response  becomes a combinat ion o f  the two.
When th e  s t r e n g t h  o f  mixed re in fo rc e m e n t  GRP a s  a fu n c t io n  o f  load  
r a t e  was d e te rm in e d  ( f i g u r e  9 . 3 ) ,  i t  was found t h a t  an in c r e a s e  in  s t r e n g t h  
o c c u r re d  a t  h ig h  r a t e s .  Up to  d is p la c e m e n t  speeds  o f  lOmm/min, s t r e n g t h  
was indep en d en t o f  r a t e  e f f e c t s .  The f a i l u r e  s t r a i n ,  a s  a fu n c t io n  o f  load  
r a t e ,  was found to  show a  tw o -s ta g e  re sp o n se  ( f i g u r e  9 . 4 ) ,  p a s s in g  th rough  a 
minimum a t  5mm/min.
At low t e s t  speeds  (below 5mm/min), b eh a v io u r  was dominated by th e  
v i s c o e l a s t i c  n a tu r e  o f  th e  m a t r ix .  The r e s i n  was cap a b le  o f  v isc o u s  flow in  
t h i s  lo ad  r a t e  reg im e, red u c in g  th e  m a t r ix  c o n s t r a in t  on th e  l o n g i tu d in a l  
woven ro v in g s ,  and so red u c in g  r e s i s t a n c e  to  crimp s t r a i g h t e n i n g .  The s low er  
th e  r a t e  o f  lo a d in g  used ,  th e  h ig h e r  would have been th e  l e v e l  o f  m a tr ix  
v is c o u s  b e h a v io u r ,  and c o r re s p o n d in g ly ,  th e  low er th e  c o n s t r a i n t  on 
l o n g i tu d in a l  f i b r e  s t r a i g h t e n i n g .  Thus, f a i l u r e  s t r a i n  would be ex p ec ted  to  
i n c r e a s e  w ith  d e c r e a s in g  t e s t  speed , s in c e  f o r  a g iven  a p p l i e d  s t r e s s ,  h ig h e r  
d e f l e c t i o n s  would o c c u r  th rough  in c re a s e d  l e v e l s  o f  crim p s t r a i g h t e n i n g .
At th e s e  low lo a d  r a t e  l e v e l s ,  f i b r e  s t r e n g t h  remained c o n s ta n t ,  because  s t r e s s
c o r r o s io n  w eakening e f f e c t s  a t  slow t e s t  speeds  became r a t e  in d e p en d en t .
At h igh  lo a d  r a t e s  (above 5mm/min), m a tr ix  re sp o n se  became p red o m in an tly  
e l a s t i c ,  and a change from v i s c o e l a s t i c  r e s i n ,  to  e l a s t i c  f i b r e ,  dominated 
b e h a v io u r  o c c u r r e d .  The tim e dependent s t r e n g t h  o f  a g l a s s  f i b r e  i s  con­
t r o l l e d  by m o is tu re  induced  s u r f a c e  f law  grow th. In  e s s e n c e ,  th e  s lo w er  the  
r a t e  o f  lo a d in g  u se d ,  the  lo n g e r  i s  th e  tim e a v a i l a b l e  f o r  f law  growth 
th ro u g h  s t r e s s  c o r r o s io n  mechanisms ( 5 . 3 ),  c a u s in g  a l o s s  in  f i b r e  s t r e n g t h .  
S in ce  f i b r e s  a r e  e l a s t i c  to  f a i l u r e ,  b re a k in g  s t r a i n  a l s o  in c r e a s e s  w ith  i n ­
c r e a s i n g  t e s t  r a t e .  Thus, in  the  h igh  load  r a t e  regim e, s t r e n g t h  and f a i l u r e  
s t r a i n  o f  th e  GRP te s te d ,w o u ld  be ex p ec ted  to  in c re a s e  w ith  in c r e a s in g  t e s t
speed ,  a s  was o b se rv e d .
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W ithin  th e  lo a d  r a t e  regime most p e r t i n e n t  to  th e  c u r r e n t  work ( i . e .  
below limq/min), v i s c o e l a s t i c  response  dom inated th e  b eh av io u r  o f  GRP. T h is  
was o f  p a r t i c u l a r  im portance  When a n a ly s in g  th e  tim e dependent p r o p e r t i e s  o f  
th e  l a m in a te s  t e s t e d  f o r  t h i s  t h e s i s ,  and th e  r e s u l t s  from t h i s  s e c t i o n  w i l l  be 
f u r t h e r  d i s c u s s e d  i n  c o n ju n c t io n  w ith  th e  c re e p  d a t a  o b ta in e d  (15 . 5 ) .
13*3 F ib re  b re a k  d e n s i t y
As w i l l  be shown l a t e r  (15*3) ,  th e  number o f  f i b r e  b re a k s  c r e a te d  d u r in g  
lo a d in g  ( f i g u r e  9 *5 ),  and t h e i r  l o c a t i o n ,  was a  c r i t i c a l  p a ra m e te r  i n  
d e te rm in in g  th e  d e la y e d  f a i l u r e  c h a r a c t e r i s t i c s  o f  mixed r e in fo rc e m e n t  G .R .P . 
l a m in a t e s .  I t  was found t h a t  a 3 - s t a g e  cu rve  was c r e a t e d  f o r  f i b r e  b reak  d e n s i t y  
a s  a  f u n c t io n  o f  a p p l i e d  lo a d .
Up to  20^  UTUL, th e  r a t e  o f  growth i n  - th e  number o f  b r e a k s , i n c r e a s e d  
from ze ro  lo a d .  A d e c re a se  i n  th e  r a t e  vrais th e n  found between 20 and 509^
UTUL, a f t e r  which th e  number o f  b re a k s  o b se rv ed  a g a in  in c r e a s e d  r a p id l y ,u p  to  
th e  b r e a k in g  lo a d .  Above 309  ̂ UTUL, i t  was ob se rv ed  t h a t  some f i b r e  b re a k s  
o c c u r re d  i n  th e  form o f  m u l t i - f i l a m e n t  f r a c t u r e s  (9 *3 ) ,  w hereas sam ples lo a d ed  
below t h i s  l e v e l  m ere ly  c o n ta in e d  random d i s t r i b u t i o n s  o f  b re a k s .
Where t h i s  random d i s t r i b u t i o n  o f  b re a k s  was c r e a t e d ,  l i t t l e  o v e r a l l  
s t r e n g t h  l o s s  was found. S t r e s s  c o n c e n t r a t i o n s  a round  a b reak  a r e  v e ry  
sm a l l ,  a s  can  be s e e n  from e q u a t io n  5-9* Hence, f o r  a s i n g l e  b re a k ,  th e  l e v e l  
o f  s t r e s s  c o n c e n t r a t i o n  produced  i n  n e ig h b o u r in g  f i b r e s  i s  o n ly  1 .5  , which i s  
u n l i k e l y  to  p r e c i p i t a t e  f u r t h e r  f i b r e  f r a c t u r e s .
At lo a d s  where M .F.F. damage was c r e a te d  (above 50^ UTUL), th e  s i t u a t i o n  
a l t e r e d .  The s t r e s s  c o n c e n t r a t i o n s  around  th e s e  f e a t u r e s  were now o f  a  l e v e l  
s u f f i c i e n t  to  promote f u r t h e r  d am age ,e .g .  f o r  a 3 s t r a n d  b re a k ,  Kr = 2 .5 ,  
r e s u l t i n g  i n  th e  in c r e a s e d  r a t e  o f  f i b r e  b reak  c r e a t i o n  found.
The r e a s o n s  f o r  th e  change i n  damage growth r a t e  found a t  20^ UTUL 
were l e s s  c l e a r .  T h is  load  l e v e l ,  however, was s i g n i f i c a n t ,  c o i n c id in g  w ith  
th e  change in  l o a d / d e f l e c t i o n  b eh av io u r  found when t r a n s v e r s e  c ra c k in g  
i n i t i a t e d  (13*1 )• Due to  f i b r e  bend ing , woven ro v in g s  a t  c r o s s - o v e r  p o in t s
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a r e  s u b je c t e d  to  s t r e s s  c o n c e n t r a t i o n s  which cou ld  produce f i l a m e n t  f r a c t u r e s ,  
even a t  v e ry  low lo a d s .  Thus, w h ile  l o n g i t u d i n a l  ro v in g  s t r a i g h t e n i n g  was 
c o n s t r a in e d  by th e  m a t r ix ,  th e se  s t r e s s  c o n c e n t r a t i o n s  a c c e l e r a t e d  th e  growth 
o f  f i l a m e n t  f r a c t u r e  damage. Around 209  ̂ UTUL, t r a n s v e r s e  c ra c k in g  i n i t i a t e d ,  
a l lo w in g  l o n g i t u d i n a l  ro v in g s  to  s t r a i g h t e n ,  c a u s in g  a f a l l  o f f  in  th e  l e v e l  o f  
s t r e s s  i n  th e  c r o s s - o v e r  r e g io n s .  T h is  drop i n  s t r e s s  l e v e l s  then  l e d  to  
th e  o bse rved  f a l l  i n  th e  r a t e  o f  f i l a m e n t  b reak  damage grow th.
13 . 3 . 1 . M u l t i - f i l a m e n t  f r a c t u r e  damage c r e a t i o n
I t  was s t a t e d  above t h a t  weave c r o s s - o v e r  p o i n t s  a r e  r e g io n s  o f  h ig h  
s t r e s s ,  because  o f  th e  f i b r e  d e fo rm a tio n  c r e a t e d  l o c a l l y .  F ib r e s  on th e  
o u te r  s u r f a c e  o f  a  woven ro v in g  p ly  have to  w i th s ta n d  s e v e re  f l e x u r a l ,  a s  
w ell  a s  t e n s i l e  lo a d s  a t  th e  apex o f  a  c r o s s - o v e r ,  and become o v e r s t r e s s e d  
in  th e s e  r e g io n s .  I t  was e x p la in e d  above how, a t  lo a d s  below 3 ^  UTUL, l o n g i t u d ­
i n a l  woven ro v in g  s t r a i g h t e n i n g  reduced  th e  l e v e l  o f  th e s e  s t r e s s  c o n c e n t r a t i o n s .
However, f i b r e  s t r a i g h t e n i n g  i n  th e  lo a d  b e a r in g  f i b r e s  l e a d s  t o  an  in c r e a s e  
i n  t r a n s v e r s e  ro v in g  c u rv a tu r e  ( 1 2 .1 ) ,  and a  b u i l d  up i n  th e  l e v e l  o f  
c o n s t r a i n t  on s t r a i g h t e n i n g  o c c u rs  a s  th e  bend ing  o f  t r a n s v e r s e  f i b r e s  becomes 
more d i f f i c u l t .  Thus, a  s i t u a t i o n  co u ld  be en v isag e d  where a  lo a d  l e v e l  i s  
reached ,w here  f u r t h e r  lo a d  b e a r in g  ro v in g  s t r a i g h t e n i n g  i s  p re v e n te d  by th e  
r e s i s t a n c e  c r e a t e d  i n  th e  t r a n s v e r s e  f i b r e s ,  a f t e r  which s t r e s s  c o n c e n t r a t i o n s  
would a g a in  b u i l d  up .
T h is  r e p r e s e n te d  th e  key to  e s t a b l i s h i n g  how MFF damage was c r e a t e d  
in  th e s e  t e s t s  a t  50^ UTUL. Assuming t h a t  th e  lo a d  r e q u i r e d  to  p re v e n t  
f u r th e r  ro v in g  s t r a i g h t e n i n g  o c c u r re d  a round  50^ UTUL, s t r e s s  c o n c e n t r a t i o n s  
a t  weave c r o s s - o v e r s  were s u f f i c i e n t l y  h ig h  to  promote f i l a m e n t  f r a c t u r e .
Once one f i b r e  b roke  in  t h i s  h igh  s t r e s s  r e g io n ,  f u r t h e r  r i s e s  i n  s t r e s s  l e v e l  
were p roduced , in d u c in g  f r a c t u r e  i n  n e ig h b o u r in g  f i b r e s ,  c r e a t i n g  m u l t i -  
f i lam en t f r a c t u r e s  o f  between 2 and 8 s t r a n d s .
The c r e a t i o n  o f  MFF damage d u r in g  i n i t i a l  lo a d in g  in  a c reep  t e s t ,  was 
cons idered  to  be an e s s e n t i a l  req u irem en t f o r  th e  i n i t i a t i o n  o f  c r e e p - r u p tu r e  




l 4 . 1  W ater up tak e  i n  mixed re in fo rc e m e n t  GRP la m in a te s  a t  ze ro  lo ad
As was shown i n  P a r t  I I  ( f i g u r e  11.5 ) ,  anomolous d i f f u s i o n  was found to
o c c u r  when sam ples  were immersed i n  w a te r ,  r e g a r d l e s s  o f  th e  s t r e s s  and temp­
e r a t u r e  c o n d i t i o n s  u s e d .  In  th e  absence  o f  lo a d ,  i t  was found t h a t  debond 
w h i te n in g  f i r s t  o c c u r r e d  i n  th e  o u t e r  c . s .m .  p l i e s  o f  a  t e s t - p i e c e .  T h is  
i n c r e a s e  i n  s u r f a c e  f i b r e  prom inence a s  a fu n c t io n  o f  tim e immersed, o c c u r re d  
most n o t i c e a b l y  a t  e l e v a te d  te m p e ra tu re  ( l 4 . 3 ) ,  w i th in  th e  tim e s c a l e  o f  th e  
experim en t ( f i g u r e  1 1 . 6 ) .  At 60°C, th e  o n s e t  o f  w . r .  p ly  debonding was 
found to  o c c u r  much l a t e r  th a n  c . s .m .  i n t e r f a c i a l  breakdown, w h ile  a t  room 
te m p e ra tu re ,  i t  was n o t  found a t  a l l ,  even a f t e r  6 months.
The debonding  ob se rv ed  i n  th e s e  ex p er im en ts  must have been due to  th e  
e f f e c t s  o f  m o is tu re  u p ta k e ,  s in c e  sam ples were immersed a t  ze ro  lo a d .  Thus, 
by fo l lo w in g  th e  manner o f  debond developm ent, th e  p a th  ta k e n  by th e  m o is tu re  
in to  th e  sample b u lk  co u ld  be d e te rm in e d .  S in ce  th e  o u t e r  c . s .m .  p l i e s  were
th e  f i r s t  r e g io n s  a f f e c t e d  by th e  m o is tu re ,  d i f f u s i o n  was c o n s id e re d  to  be
face dom ina ted . T h is  would be e x p e c te d ,  s in c e  th e  t o t a l  a r e a  o f  face  
exposed to  m o is tu re  was f a r  i n  e x c e ss  o f  th e  a r e a  a t  th e  sample ed g es .  F u r th e r ­
more, i n  th e  ab sen ce  o f  e a sy  d i f f u s i o n  p a th s  ( e . g .  c r a c k s ) ,  w a te r  u p take  
o ccu rs  p r i m a r i l y  th ro u g h  r e s i n  h y d r o ly s i s  r e a c t i o n s .  Samples f a c e s  had 
a s u r f a c e  c o n c e n t r a t i o n  o f  p o l y e s t e r  m a tr ix  i n  d i r e c t  c o n t a c t  w ith  th e  w a te r  
th a t  would prom ote h y d ro ly s i s ,w h e re a s  th e  edge d i d  n o t .
The n o n -F ic k ia n  n a tu r e  o f  d i f f u s i o n  i n  th e  m a t e r i a l s  t e s t e d  was 
a t t r i b u t e d  t o  th e  r e l a t i v e l y  h ig h  p o r o s i t y  l e v e l s  p r e s e n t .  As w a te r  
p e n e t r a t e s  a r e s i n  m a t r ix ,  h y d r o ly s i s  r e a c t io n s  b reak  down th e  network c r o s s ­
l in k  d e n s i t y ,  c a u s in g  th e  r e s i n  to  s w e l l .  T h is  i s  c o n s t r a in e d  by th e  
p resen ce  o f  g l a s s  f i b r e s ,  in d u c in g  i n t e r n a l  s t r e s s e s  in  th e  sam ple , m ain ly  
c o n c e n tra te d  in  th e  m a t r ix ,  and r e s i n / f i b r e  i n t e r f a c e ,  r e g io n s .  The p o r o s i t y  
w ith in  th e  immersed la m in a te ,  p a r t i c u l a r l y  r e s i n  v o id s ,  a c t  a s  l o c a l  s t r e s s
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r a i s e r s ,  and when s w e l l i n g  o c c u rs ,  c ra c k  i n i t i a t i o n  from th e s e  d e f e c t s  can r e s u l t .  
Such damage was found to  o c c u r  when sam ples were immersed in  d i s t i l l e d  w a te r  
( f i g u r e  11 . 15 ) .  These c ra c k s  can th e n  a c t  a s  p a th s  o f  easy  d i f f u s i o n ,  a c c e l e r a t ­
in g  m o is tu re  u p ta k e ,  c a u s in g  a p p a re n t  d i f f u s i v i t y  to  change w ith  t im e .
Even i f  th e  above c ra c k in g  d id  n o t o c c u r  d u r in g  w a te r  u p ta k e ,  v o id s  u p se t  
th e  c l a s s i c a l  m odels o f  d i f f u s i o n , b y  a l lo w in g  m o is tu re  p o c k e ts  to  b u i l d  up in  
a sam ple . In  t h i s  way, in c re a s e d  m o is tu re  a b s o r p t io n  o c c u r s ,  s im ply  th ro u g h  
th e  c r e a t i o n  o f  a  h i g h e r  i n t e r n a l  f r e e  volume f o r  w a te r  to  occupy, th a n  would 
be th e  c a se  i n  a  p e r f e c t  com posite .
O th e r  mechanisms t h a t  would acc o u n t f o r  th e  anomolous d i f f u s i o n  ob se rv ed  
in c lu d e  r e s i n  l e a c h in g .  In  t h i s  c a s e ,  c h a in  h y d r o ly s i s  r e a c t i o n s  p roduce 
low m o le c u la r  w eigh t com ponents, which a r e  th e n  d i s s o lv e d  o u t  o f  th e  m a t r ix .
Again, t h i s  would l e a d  to  an  in c r e a s e  i n  i n t e r n a l  f r e e  volume w i th in  a  GRP 
t e s t - p i e c e ,  a l lo w in g  f o r  a c c e l e r a t e d  m o is tu re  u p ta k e  to  o c c u r .
In  c o n c lu s io n ,  i t  was found t h a t ,  f o r  th e  above r e a s o n s ,  w a te r  d i f f u s i o n  
i n t o  mixed r e in fo r c e m e n t  GRP o c c u rre d  th ro u g h  th e  sample f a c e s ,  a t  a  r a t e  t h a t  
c o u ld  n o t  be p r e d i c t e d  from c l a s s i c a l  models o f  d i f f u s i o n ,  such a s  P ic k s  Laws.
14 .2  Water u p tak e  d u r in g  im mersion un d er  s t r e s s
I t  was found t h a t ,  r e g a r d l e s s  o f  te m p e ra tu re ,  b o th  th e  r a t e  o f  m o is tu re  
a b s o r p t i o n ,  and th e  o v e r a l l  m o is tu re  c o n te n t ,  o f  sam ples ,  were in c re a s e d  i n  th e  
p re se n c e  o f  an  a p p l i e d  lo a d  ( f i g u r e s  11 .1  and 1 1 .2 ) .  The in f lu e n c e  o f  temp­
e r a t u r e  on w a te r  u p ta k e  w i l l  be examined l a t e r  ( 1 4 .3 ) ,  w h ile  t h i s  s e c t i o n  
w i l l  look  a t  th e  d i f f e r e n c e s  i n  b eh a v io u r  due to  th e  l e v e l  o f  s t r e s s  a p p l i e d  
to  a  s a m p l e , r e g a r d le s s  o f  t e s t  te m p e ra tu re .
1 4 .2 .1  W ater u p ta k e  a t  30^ UTUL
I t  was found t h a t  o u t e r  c . s .m  f i b r e  debonding o c c u rre d  a t  th e  same 
r a t e  a s  t h a t  found i n  sam ples immersed u n d e r  ze ro  lo a d  ( 1 1 .2 ) .  From t h i s , i t  
was conc luded  t h a t  m o is tu re  up tak e  th rough  th e  sample fa c e s  o c c u r re d  a t  a r a t e
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independen t o f  th e  a p p l i e d  lo a d  l e v e l .  However, th e  r a t e  a t  which th e  w .r .  
c ro B s -o v e r  reg io n s  debonded was a c c e l e r a t e d  a t  30^ UTUL., T h is  f a c t ,  coupled  
w ith  th e  in c re a s e  i n  m o is tu re  u p ta k e  found i n  sam ples immersed u n d e r  lo a d ,  
s u g g e s te d  t h a t  a  new m o is tu re  t r a n s p o r t  p a th  i n t o  th e  GRP had been a c t i v a t e d .
Exam ination o f  o r d in a r y  t e n s i l e  t e s t - p i e c e s  ( 1 1 . 4 . 3 . )  showed t h a t  
t r a n s v e r s e  c ra c k in g  i n i t i a t e d  in  th e s e  m a t e r i a l s  a t  around  20^ UTUL. However, 
from a  s tu d y  o f  p o l i s h e d  s e c t i o n s  tak en  from sam ples s t r e s s e d  i n  t e n s i o n  and 
s u b se q u e n t ly  un loaded , i t  was found t h a t  t h i s  damage was r e v e r s i b l e  a t  30^ UTUL, 
i n d i c a t i n g  t h a t  th e  c ra c k  p a th s  c r e a t e d  were s m a l l .  T ra n sv e rse  c r a c k in g  was 
o b se rv ed  to  o c c u r  a t  th e  f i b r e / m a t r i x  i n t e r f a c e s  p r e s e n t  i n  th e  t r a n s v e r s e  woven 
r o v in g s .
The c ra c k s  formed u n d e r  lo a d  p e n e t r a t e d  t o  th e  sample ed g es ,  and when 
immersed i n  w a te r ,  p ro v id ed  p a th s  o f  e a sy  m o is tu re  a c c e s s  i n t o  th e  sam ple . Thus, 
when immersed un d er  lo a d ,  th e  o v e r a l l  r a t e  o f  m o is tu re  u p tak e  i n t o  th e  GRP was 
a c c e l e r a t e d ,  by th e  a d d i t i o n a l  c o n t r i b u t i o n  made by c a p i l l a r y  flow  o f  w a te r  
th ro u g h  th e s e  c ra c k s , f ro m  th e  sample e d g es .  T h e re fo re ,  a t  t h i s  lo a d  l e v e l ,  
m o is tu re  up tak e  was a t t r i b u t e d  to  a com bina tion  o f  fa c e  ( l a r g e  s u r f a c e  a r e a ) ,  
and edge (p a th s  o f  e a sy  a c c e s s ) ,  d i f f u s i o n  mechanisms.
The in c r e a s e  found i n  th e  l e v e l  o f  o v e r a l l  m o is tu re  c o n te n t  was a t t r i b u t e d  
to  an  i n c r e a s e  i n  th e  i n t e r n a l  f r e e  volume o f  th e  sample a v a i l a b l e  f o r  th e  
m o is tu re  t o  occupy. T h is  was due to  th e  in c re a s e d  l e v e l  o f  damage c r e a t e d  
u n d e r  lo a d .  These t r a n s v e r s e  c ra c k s  open up p a th s  f o r  m o is tu re  p e n e t r a t i o n  to  
i n t r a - r o v i n g  v o id s  i n  th e  f a b r i c  p l i e s  ( f i g u r e  10 . 6 ) ,  which can th e n  le a d  to  
f u r t h e r  d e g ra d a t io n ,  b o th  a t  th e  f i b r e / m a t r i x  i n t e r f a c e ,  and i n  r e g io n s  o f  f i b r e  
s u r f a c e  c o n ta c t i n g  th e se  m o is tu re  p o c k e ts .  When un d er  z e ro  lo a d ,  m o is tu re  
p e n e t r a t i o n  to  th e s e  d e f e c t s  would be r e s t r i c t e d ,  a s  a r e s u l t  o f  p r e f e r e n t i a l  
w a te r  t r a n s p o r t  to  th e  r e s i n  v o id s  p r e s e n t .
1 4 .2 .2 .  Water u p take  a t  40^ UTUL
At t h i s  lo a d  l e v e l ,  t r a n s v e r s e  c rac k  damage formed on lo a d in g  was 
i r r e v e r s i b l e ,  r e s u l t i n g  in  th e  c r e a t i o n  o f  w id e r  p a th s  o f  easy  m o is tu re  t r a n s -
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p o r t  i n t o  th e  sam ple. In  consequence, th e  b a la n c e  between fa c e ,  and edge, 
dom inated d i f f u s i o n  mechanisms was f u r t h e r  s h i f t e d  tow ards th e  l a t t e r .
14 . 2 . 3 . Water u p take  a t  60^ UTUL
Due to  th e  c r e a t i o n  o f  h ig h  l e v e l s  o f  damage a t  t h i s  lo a d  l e v e l ,  th e  
amount o f  m o is tu re  d i f f u s i o n  th ro u g h  th e  sample edges was so l a r g e  a s  to  make th e  
b e h a v io u r  t o t a l l y  edge dom inated . Indeed ,  sample f a i l u r e  o c c u r re d  p r i o r  to  
any  s i g n i f i c a n t  l e v e l s  o f  face  d i f f u s i o n  becoming a p p a re n t .  Thus, m a tr ix  
damage c r e a te d  by r e s i n  h y d r o ly s i s  and s w e l l in g  was reduced  a t  t h i s  lo a d  l e v e l ,  
s in c e  th e s e  phenomena were e s s e n t i a l l y  a  r e s u l t  o f  face  dom inated w a te r  
a b s o r p t i o n .
In  c o n c lu s io n ,  a p p l i e d  s t r e s s  was found to  in c r e a s e  w a te r  a b s o r p t io n  by 
chang ing  d i f f u s i o n  from a  sample f a c e ,  t o  an  edge, dom inated p r o c e s s ,  due to  
th e  c r e a t i o n  o f  damage. The d eg ree  o f  damage ( i . e .  lo a d  l e v e l ) , d e t e r m in e d  th e  
c o n t r i b u t i o n  to  o v e r a l l  w a te r  u p ta k e  made by c a p i l l a r y  flow  a lo n g  c ra c k s  from 
th e  sample ed g es .
14 .3  E f fe c t  o f  t e s t  te m p e ra tu re  on w a te r  u p tak e
I t  was found in  1 1 .1  t h a t ,  r e g a r d l e s s  o f  th e  a p p l ie d  s t r e s s ,  i n c r e a s in g  
th e  t e s t  te m p e ra tu re  from 23-60°C, l e d  to  a  r i s e  i n  w a te r  u p ta k e .  T h is  s e c t i o n  
w i l l  d i s c u s s  some o f  th e  most l i k e l y  mechanisms t h a t  would o p e ra te  i n  th e s e  
m a t e r i a l s ,  b o th  f o r  th e  c a se  where f a c e ,a n d  edge, dominated d i f f u s i o n  mechanisms 
o p e ra te d ,  i . e .  b eh av io u r  a t  z e ro  lo a d ,  and un d er  s t r e s s ,  r e s p e c t i v e l y .
14 . 3 . 1 .  Tem perature  e f f e c t s  d u r in g  im mersion a t  ze ro  lo a d
With a  th e rm o s e t t in g  r e s i n ,  te m p e ra tu re  changes ,be low  T^, do no t 
s i g n i f i c a n t l y  a l t e r  th e  o bse rved  m echan ica l p r o p e r t i e s  ( c f .  t h e r m o p la s t i c s ) .  
However, r a i s i n g  th e  te m p e ra tu re  can in c r e a s e  ch a in  m o b i l i ty ,  which in  t u r n  can 
i n i t i a t e  c r o s s - l i n k  s c i s s i o n .  Thus, th e  polym er network becomes more d i s o r d e r e d  
a t  e l e v a te d  te m p e ra tu re ,  th e rm a l  expans ion  r e s u l t s ,  and i n t e r n a l  f r e e  volume i s  
in c re a s e d .
When g l a s s / p o l y e s t e r  la m in a te s  a r e  exposed to  w ater  a t  e le v a te d  te m p e ra tu re s .
\ Z i r -
t h e  more open n a tu re  o f  the  m a tr ix  network a l lo w s  w ater  t r a n s p o r t  to  o c c u r  a t  
an a c c e l e r a t e d  r a t e .  The in c re a s e d  i n t e r n a l  f r e e  volume c r e a te d  a l s o  a l lo w s  f o r
an  in c r e a s e  in  the  amount o f  w a te r  absorbed  by the  m a tr ix .
During sample face  dominated w ate r  u p ta k e ,  m o is tu re  was abosrbed  th rough  
r e s i n  h y d r o ly s i s .  T h is  i s  a chem ical r e a c t i o n ,  so t h a t  in c r e a s in g  te m p e ra tu re  
l e v e l s  in c re a s e d  the  r e a c t io n  r a t e , i n  an A rrh en iu s  f a s h io n .  Thus, th e  l e v e l s  o f  
r e s i n  p l a s t i c i s a t i o n  and s w e l l in g  would have been in c re a s e d ,  r a i s i n g  th e  
i n t e r n a l  s t r e s s  p r e s e n t  in  th e  sam ple, which th en  f u r t h e r  a c c e l e r a t e d  m o is tu re  
u p ta k e  th rough  r e s i n  c r a c k i n g , e t c .  ( 6 .2 ) .  A b y -p ro d u c t  o f  r e s i n  h y d r o ly s i s
i s  a a t r i x  damage due to  le a c h in g  ( l 4 . l ) ,  so t h a t  te m p era tu re  i n c r e a s e s  w i l l  a l s o
have le d  to  an in c r e a s e  in  th e  lo s s  o f  low m o lecu la r  w eight c o n s t i t u e n t s  from 
th e  p o l y e s t e r  m a t r ix .
14 . 3 . 2 . Tem perature e f f e c t s  d u r in g  immersion un d er  lo ad
The le v e l  o f  t e s t  te m p era tu re  used would a l s o  have in f lu e n c e d  th e  r a t e  
o f  edge d i f f u s i o n  found in  loaded  sam ples ,  f o r  a v a r i e t y  o f  p h y s ic a l  r e a s o n s .  
F i r s t l y ,  the rm al expansion  o f  th e  GRP a t  60°C would have produced an in c r e a s e  
in  th e  d im ensions  o f  the  easy  d i f f u s i o n  p a th s  c r e a te d  th rough  c ra c k in g .
S econd ly , d i f f e r e n t i a l  therm al expans ion  between f i b r e  and m a tr ix  i s  known 
to g e n e ra te  i n t e r f a c i a l  s t r e s s e s  in  co m p o s i te s .  Thus, t r a n s v e r s e  c rack  
i n i t i a t i o n  would have o ccu rred  a t  a low er a p p l i e d  lo a d ,  and th e  g en e ra l  
damage l e v e l s  been in c re a s e d ,  a t  e l e v a te d  te m p e ra tu re s .  Both o f  th e se  f a c t o r s  
would le a d  to  in c re a s e d  w a te r  up take  a s  th e  t e s t  te m p era tu re  was r a i s e d  from
23°c - 6o°c.
F i n a l l y ,  the  r a t e  o f  c a p i l l a r y  flow up th e  c ra c k s  p re sen tw as  a l s o  
te m p e ra tu re  dependen t,  h ig h e r  flow r a t e s  o c c u r r in g  a t  e l e v a te d  te m p e ra tu re s .
l 4 . 4  Relevance o f  m o is tu re  up take  to  th e  d e g ra d a t io n  o f  GRP in  w a te r
In  h igh  perform ance co m p o si te s ,  e . g .  ca rbon /epoxy  system s, a f u n c t io n a l
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r e l a t i o n s h i p  i s  o f te n  found to e x i s t  b e t w e e n  m e c h a n i c a l  property degradation,  
and moisture  content ( b . l ) .  Thus, i t  i s  important to determine d i f f u s i o n  
c o e f f i c i e n t s  for  these  m a te r ia l ,  to p r e d i c t  the mois ture  induced degradation  
l e v e l s  expected i n  s e r v i c e .  In most high performance composi tes ,  d i f f u s i o n  
i s  found to approximate to that  p r e d i c t e d  by Ficks  law. As a r e s u l t ,  many 
a n a l y t i c a l  models o f  degradation in  humid environments have been developed  
( 7 7 - 8 0 ) .
Tn lower composi tes ,  as  used in t h i s  work, d i f f u s i o n  i s  normally  
found to be non-Fickian (anomolous),  making the c a l c u l a t i o n  o f  d i f f u s i o n  
c o e f f i c i e n t s  h ig h ly  p r ob le m at ic a l .  However, the q u e s t io n  that  next  a r i s e s  i s ,
" i s  t h i s  a problem?’ . Since  water w i l l  c o l l e c t  in vo id s  and cracks wi th in  
the GRP, i t  would be much more use to look a t  the e f f e c t  o f  l o c a l  mois ture  
c o n c e n t r a t io n s ,  rather  than o v e r a l l  uptake l e v e l s .  This  i s  p a r t i c u l a r l y  
r e l e v a n t ,  s in c e  vo ids  a c t  as s t r e s s  c o n c e n tr a t o r s .  W a t s ' c o l l e c t i o n  in  th e se  
d e f e c t s  can produce increased  l e v e l s  o f  r e s i n  h y d r o l y s i s  l o c a l l y ,  l e a d in g  
to an i n c r e a s e  in  s t r e s s  s u f f i c i e n t  to induce matrix crack ing  through d i f f e r e n t ­
i a l  s w e l l i n g  o f  the matrix .  In the case  o f  i n t r a - r o v i n g  v o i d s ,  debonding,  
or even f r a c t u r e ,  o f  the g l a s s  f i b r e  re in forcem ent  can occur  through t h i s  
mechanism.
S i m i l a r i l y ,  in GRP con ta in in g  w .r .  p l i e s ,  weave c r o s s - o v e r s  have been 
seen  to debond p r e f e r e n t i a l l y  in  water ( 1 1 . 2 ) .  S ince  they are known to be 
reg ions  o f  high s t r e s s ,  moisture a t ta c k  a t  c r o s s - o v e r s  w i l l  be more degrading  
to the o v e r a l l  performance o f  a sample ,than i f  c . s . m .  f i b r e s  were s ubjec ted  
to anueous corros ion  ( l 4 . 6 ) .  Both o f  these  l o c a l i s e d  forms o f  mois ture  induced 
degradation occur at  very low o v e r a l l  mois ture  c o n t e n t s .
In co n c lu s io n ,  i t  was found in  t h i s  work th a t  o v e r a l l  moisture content  
of  the GRP t e s t e d  gave no i n d i c a t i o n  o f  the degradation that  occurred , when 
samples were immersed in 'water. The important f a c t o r  was seen to be the ra te  at  
which water penetrated  to p o in t s  o f  weakness in the laminate,  such as  woven 
roving c r o s s - o v e r  p o i n t s .  In consequence, no at tempt was made to c a l c u l a t e  
d i f f u s i o n  c o e f f i c i e n t s ;  i n s t e a d , t h e  l o c a t i o n  o f  moisture pockets  w i th in  a sample 
were monitored,  mainly through the debonding crea te d  a t  weave c r o s s - o v e r s  (below)
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l 4 . 5  Fibre  debonding during immersion o f  GRP
The r a t e  a t  which i n t e r f a c i a l  breakdown o cc u rs  w ith in  a l a m i n a t e , i s  a 
c r u c i a l  f a c t o r  in  d e te rm in in g  sample d e g ra d a t io n  due to  m o is tu re  u p ta k e .  I t  
was shown in  P a r t  I t h a t  debonding w i l l  reduce  th e  i n t e r f a c i a l  load  t r a n s f e r  
e f f i c i e n c y  o f  GRP, and hence i t s  s t r e n g t h  and s t i f f n e s s  ( 6 .4 ) .  T h is  a r i s e s  
from an  in c r e a s e  i n  f i b r e  i n e f f e c t i v e  le n g th ,  c a u s in g  a r e d u c t io n  in  s t r e n g t h  
tow ards  th e  l e v e l  found in  unbonded f i b r e  bund les  ( 5 . 4 . 3 ) .  In  w a te r ,  
f i b r e  s t r e n g t h  a l s o  be d ec reased  by th e  c o r r o s iv e  e f f e c t  m o is tu re  has on E -g la s s  
f i l a m e n t  s u r f a c e s  ( 2 . 5 ) t so th e  f a s t e r  debonding o c c u r s ,  th e  so o n er  s u r f a c e  
a t t a c k  can i n i t i a t e  in  th e  re in fo rc e m e n t .
1 4 .5 .1  F ib re  debonding o f  GRP immersed a t  ze ro  load
I n  th e  absence  o f  lo a d ,  th e  on ly  debonding found a f t e r  immersion f o r  44 
days o c c u r re d  i n  th e  o u te r  c . s .m .  p l i e s ,  a t  a r a t e  dependent on th e  te m p era tu re  
( f i g u r e  1 1 . 6 ) , a s  d i s c u s s e d  i n  1 4 .3 .  However, a f t e r  6 months a t  60°C, c o n s id e r ­
a b le  l e v e l s  o f  weave, a s  w ell a s  c . s . m . ,  debonding were found ( f i g u r e  1 1 .1 6 ) .
T h is  was a t t r i b u t e d  to  the  growth o f  th e rm a l ly  a c t i v a t e d  damage a t  long  
t im e s ,  i . e .  le a c h in g  and r e s i n  c ra c k in g ,  a l lo w in g  r a p id  m o is tu re  up tak e  in t o  
th e  woven ro v in g  p l i e s  ( l 4 . 6 ) .  Long term immersion a t  room te m p e ra tu re  had 
no such  e f f e c t ,  showing th e th e r m a l ly  a c t i v a t e d  n a tu re  o f  debonding .
The la m in a te  s t r u c t u r e  used f o r  t h i s  work was s e l e c t e d  to  o p t im is e  
m echan ica l p r o p e r t i e s ,  and m o is tu re  d e g ra d a t io n  r e s i s t a n c e .  For t h i s  rea so n ,  
w .r .  p l i e s  were s e l e c t e d  f o r  t h e i r  lo ad  b e a r in g  c h a r a c t e r i s t i c s , a n d  ease  o f  
h a n d l in g ,  and c . s .m .  p l i e s  f o r  m o is tu re  r e s i s t a n c e .  B a s i c a l l y ,  when w a te r  
p e n e t r a t e s  th e  sam ple, th e  id e a  i s  t h a t  th e  o u t e r  c . s .m .  p l i e s  t r a p  th e  
m o is tu re  a t  the  s u r f a c e  th rough  s a c r i f i c i a l  debonding, p r o t e c t i n g  the  
lo ad  b e a r in g  woven ro v in g s .
The la m in a te s  t e s t e d  would o n ly  work in  th e  above f a s h io n  in  s i t u a t i o n s  
where d i f f u s i o n  o f  w a te r  o ccu rred  th rough  th e  sample f a c e s .  T h is  was found
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t o  be the case  a t  zero load ( ] 4 . l ) ,  and the ou te r  c .a .m .  p l i e a  did a c t  to  
prevent  moisture transport  in to the load bear ing  fab r ic  l a y e r s ,  p a r t i c u l a r l y  
during short  term immersion.
14 . 5 . 2 . Fibre debonding o f  GRP immersed under load
When samples  immersed under load were examined, i t  was found that  the  
load bear in g  woven rov ings  debonded much f a s t e r  than above ( l 4 . 5 . l ) ,  a t  a rate  
determined by temperature and s t r e s s  ( 1 1 . 2 ) .  I t  was a l s o  found th a t  the o u te r  
c . s . m .  debond ra te  was u n a f f e c t e d  by the a p p l i e d  load .  Changes in  d i f f u s i o n  
mechanism, from f a c e , t o  edge,  dominated behaviour occurred,  as  a r e s u l t  o f  
t r a n s v e r s e  crack formation.
Once d i f f u s i o n  o f  moisture began to occur through c a p i l l a r y  f low up 
th e se  t r a n sv e r s e  crack s ,  the r o le  o f  the ou te r  p l i e s  was d iminished .  Rapid 
uptake via the samples edges bypassed the c . s . m .  moisture b a r r i e r ,  p a s s in g  
s t r a i g h t  i n t o  the load bear in g  woven re inforcement  i n s t e a d .
I t  was seen  that  weave debonding was concentrated  i n  the roving  c r o s s ­
over  r e g io n s  ( f i g u r e  11 .8  ( b ) ) .  These reg io ns  o f  high s t r e s s  crea ted  a r e as  
o f  enhanced water d i f f u s i v i t y  l o c a l l y  ( 6 . 2 ) ,  caus in g  a b u i ld  up o f  debonding.  
This can cause s evere  problems for  a number o f  reason s .  F i r s t l y ,  debonding  
extend s  the i n e f f e c t i v e  len gth  o f  f i b r e s  in  th e se  high s t r e s s  r e g io n s ,  
reducing s t r e n g t h  l o c a l l y  towards that  o f  a f ib r e  bundle.  This  drop in  load  
t r a n s f e r  e f f i c i e n c y ,  coupled with the s t r e s s  co n c e n tr a t io n  p r e s e n t ,  can 
induce f ib r e  f a i l u r e  in these  r e g io n s ,  which would f u r th e r  in c r e a s e  s t r e s s  
l e v e l s .  Secondly ,  the c r i t i c a l  f i b r e  f law s i z e  a t  c r o s s - o v e r s ,  p a r t i c u l a r l y  
on the o u ter  face  o f  a roving ,  i s  a t  a minimum due to the presence  o f  
t e n s i l e  bending s t r e s s e s .  Since  i t  was these  f i b r e s  that  came in to  d i r e c t  
c ontact  with the moisture pockets  formed, s tres s -e n h an ce d  f i b r e  corros ion  
won'! d have ed to severe  degradation in the c r o s s - o v e r  r e g io n s .
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l 4 . 6  D egrada t ion  o f  GRP immersed i n  w ate r
The b u i l d  up o f  damage found d u r in g  immersion o f  mixed r e in fo rc e m e n t  
GRP sam ples co u ld  be a t t r i b u t e d  to  a v a r i e t y  o f  mechanisms. S t r e n g th  l o s s  due 
to  i n t e r f a c i a l  breakdown has  a l r e a d y  been d i s c u s s e d  ( l 4 . 5 ) ,  so t h i s  s e c t i o n  
w i l l  d e a l  w ith  th e  damage found to  o c c u r  i n  th e  f i b r e  and m a tr ix  p h a s e s .
1 4 .6 .1 .  M ois tu re  induced  m a tr ix  c ra c k in g  o f  GRP
I t  was found t h a t  m o is tu re  induced  c ra c k in g  ( f i g u r e  1 1 .15 )  o c c u r re d  a t  
a  r a t e  independen t o f  te m p e ra tu re  and s t r e s s  ( 1 1 .5 ) ,  l a r g e l y  i n i t i a t i n g  from 
d e f e c t  s i t e s ,  such  a s  r e s i n  v o id s .  O th e r  h ig h  s t r e s s  r e g io n s ,  such  a s  weave 
c r o s s - o v e r s ,  were a l s o  found to  promote t h i s  c rac k  grow th.
As m o is tu re  was ab so rb ed  by th e  p o l y e s t e r  m a tr ix ,  h y d r o ly s i s  o f  th e  
polym er c h a in  networic o c c u r re d ,  c a u s in g  a  breakdown i n  th e  c r o s s - l i n k  
d e n s i t y .  T h is  would have produced  r e s i n  s w e l l in g ,  b u t  th e  p re s e n c e  o f  th e  
g l a s s  f i b r e s  c o n s t r a in e d  t h i s  ex p an s io n ,  and so i n t e r n a l  s t r e s s e s  w i th in  th e  
m a t r ix ,  and f i b r e / m a t r i x  i n t e r f a c e s ,  b u i l t  up . The d e f e c t  p o p u la t io n  i n  th e  
sam ples ,  a c t i n g  a s  s t r e s s  c o n c e n t r a to r s ,  th e n  m ag n if ied  th e s e  s t r e s s e s  l o c a l l y  
to  an  e x t e n t  where m a tr ix  c r a c k in g  was c r e a t e d ,  ( f i g u r e  1 1 .1 2 ) .
While changes i n  te m p e ra tu re  would have been ex p ec ted  to  a f f e c t  th e  
s w e l l in g  c h a r a c t e r i s t i c s  o f  th e  m a t r ix ,  l e a d in g  to  in c re a s e d  s t r e s s  l e v e l s  
and h ig h e r  c ra c k  d e n s i t y  a t  60^C, t h i s  was n o t  found to  o c c u r .  In c re a s e d  
l e v e l s  o f  r e s i n  h y d r o ly s i s  d id  o c c u r  a t  e l e v a te d  te m p e ra tu re s ,  p ro d u c in g  an 
in c r e a s e  i n  m o is tu re  u p t a k e , e t c .  ( 1 1 .1 ) .  However, t h i s  had a d ua l e f f e c t  on 
m a tr ix  p r o p e r t i e s .  As w ell  a s  i n c r e a s in g  r e s i n  s w e l l in g ,  i t  a l s o  p roduced  
a h ig h e r  l e v e l  o f  m a tr ix  p l a s t i c i t y ,  s in c e  network c r o s s - l i n k i n g  was 
degraded  (3 * 3 ) .  Thus, w h ile  i n t e r n a l  s w e l l in g  s t r e s s e s  were in c r e a s e d  a t  
60°C, 60 was th e  l e v e l  o f  m a t r i x  s t r e s s  r e l a x a t i o n ,  and th e  l a t t e r  would have 
caused  r e l i e f  o f  s t r e s s  c o n c e n t r a t i o n s  around vo ids  and weave c r o s s - o v e r s .
T h is  b a la n c e  o f  te m p e ra tu re  e f f e c t s  then  c r e a te d  th e  la c k  o f  s e n s i t i v i t y ,  
m a tr ix  c ra c k  damage d u r in g  im m e rs io n ,e x h ib i te d .
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When u nder  s t r e s s ,  i t  was shown t h a t  th e  e x t r a  m o is tu re  u p take  i n t o  a 
sample o c c u r re d  throujjh  c a p i l l a r y  flow, a lo n g  c ra c k  p a th s  c r e a te d  in  th e  
m a te r i a l  ( l 4 . 2 ) .  The l e v e l  o f  face  d i f f u s i o n  in t o  th e  m a tr ix  remained c o n s ta n t  . 
S in c e  o n ly  th e  l a t t e r  would have c o n t r ib u te d  to  r e s i n  s w e l l in g ,  i t  would be 
ex p ec ted  t h a t  a p p l i e d  load  had no e f f e c t  on th e  m o is tu re  induced  c ra c k in g  
o b se rv ed  i n  th e  m a tr ix ,  a s  was found.
1 4 . 6 .2 .  G lass  f i b r e  d e g ra d a t io n  d u r in g  immersion i n  w a te r
I t  was shown in  P a r t  I ,  t h a t  f i b r e  p i t t i n g , o f t e n  found i n  g l a s s  exposed 
to  w a te r ,  can  be a t t r i b u t e d  to  s u r f a c e  h y d r o ly s i s  r e a c t i o n s  ( 2 . 5 ) .  Network 
m o d i f i e r  io n s  ( e . g .  and C a^^), p r e s e n t  i n  th e  g l a s s  s u r f a c e  a s  l o c a l
c o n c e n t r a t i o n s ,  can be removed by aqueous le a c h in g .  T h is  cau ses  a l o c a l  
breakdown in  th e  netw ork , which can promote f u r t h e r  c o r r o s io n .  P i t t i n g  was 
found to  o c c u r  i n  th e  f i b r e s  ta k e n ,f ro m  woven ro v in g  p l i e s  o f  immersed c r e e p -  
r u p tu r e  t e s t - p i e c e s .  ( 1 5 .5 ) .  T h is  confirm ed  t h a t  m o is tu re  p e n e t r a t i o n  to  
th e  w . r .  r e in fo rc e m e n t  when un d er  lo a d ,  d id  cause  f i b r e  d e g ra d a t io n ,  a s  w ell 
a s  s t r e n g t h  l o s s  th rough  debonding ( 1 4 . 5 . 2 . ) .
From th e  r e s i n  a n a l y s i s  u n d e r ta k e n  u s in g  EDAX ( f i g u r e  1 0 . l 4 ) ,  an  in c r e a s e  
i n  th e  m a tr ix  ca lc ium  c o n te n t  was f o u n d ,a f t e r  samples had been immersed un d er  
lo ad  a t  e l e v a te d  te m p e ra tu re s  in  a c r e e p - r u p tu r e  t e s t .  S in c e  p o l y e s t e r  r e s i n s  
do n o t  c o n ta in  a s i g n i f i c a n t  ca lc ium  c o n te n t ,  and d i s t i l l e d  w a te r  was used 
a s  th e  im mersion medium, th e s e  ca lc ium  c o n c e n t r a t i o n s  must have le a c h e d  from 
th e  E - g l a s s  f i b r e  s u r f a c e s  p r e s e n t .  S in c e ,  in  E - g la s s ,  CaO i s  th e  m ajor 
network m o d i f i e r  p r e s e n t ,  w ith  Na^O, and K^O, p r e s e n t  o n ly  in  t r a c e  q u a n t i t i e s ,  
th e  l a t t e r  would no t be expec ted  to  show up. However, from th e o ry ,  g l a s s  
f i b r e  c o r r o s io n  i n i t i a t e s  th rough  th e  removal o f  Na^ by h y d r o ly s i s ,  w ith  th e  
f law  c r e a t e d  th e n  rounded i n t o  a p i t  by Ca^^ le a c h in g  ( 2 . 5 ) .
Na^, and  have sm all  io n i c  r a d i i  in  com paris ion  to  C a ^ \  T h i s ,  coup led  
w ith  t h e i r  low c o n c e n t r a t i o n  in  E - g l a s s ,  would a l lo w  th e  fo rm er io n s  to  d i f f u s e  
o u t  o f  th e  GRP e a s i l y ,  whereas Ca^^ became tra p p e d  in  th e  m a tr ix .  T h is  
would e x p la in  why o n ly  ca lc ium  was d e te c te d  d u r in g  r e s i n  a n a l y s i s .
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1 4 . 6 . 3  Residual s t r e n g t h  o f  GRP a f t e r  immersion a t  zero load
A measure o f  the s e v e r i t y  o f  mois ture  degradat ion ,o n  the p r o p e r t i e s  o f  
GRP immersed in  water for  long  t im e s ,  was obta in ed  by performing t e n s i l e  t e s t s  
on dry, and pre -soaked ,sam ples .  Two pre-soak temperatures were u s e d : -
(a)  Room temperature (23°C)
(b) 60° C
(a )  23 °C
-  i t  was shown in  Part I t h a t ,  when GRP i s  immersed in  water at  room 
temperature for  a time p r i o r  to  t e n s i l e  t e s t i n g ,  n e g l i g i b l e  l e v e l s  o f  
s t r e n g t h  l o s s  occur  (5, 96,  1 0 7 ) .  A s i m i l a r  r e s u l t  was found in  t h i s  work.
Some debond damage had occurred in  the o u t e r  c . s . m .  p l i e s  p r i o r  to  
t e s t i n g ,  and a reduct ion  o f  15% was found in  the  recorded s t r e n g t h  ( 1 1 . 4 ) .
This was p robab ly  due to  m a tr ix  c rack  damage c re a te d  th rough  m oisture  
up take  ( 1 4 .6 .1 ) .  In a l l  o th e r  r e s p e c t s ,  t e n s i l e  t e s t  b ehav iou r  a f t e r  p r e ­
soak , was no d i f f e r e n t  from th a t  found in  dry  t e s t s ,  the  o u te r  c . s .m .  having 
s u c c e s s f u l ly  p ro te c te d  the  w .r .  re in fo rcem en t from m o is tu re  d e g ra d a t io n .
(b) 60°C
-  a t  e le v a te d  te m p era tu re s ,  p re - s o a k in g  caused a much more severe  
s t r e n g th  lo s s  o f  30%, and a l s o  produced a change in  the  o v e r a l l  lo a d /  
d e f l e c t i o n  beh av io u r .  The knee p o in t  in  the  l o a d / d e f l e c t i o n  curve 
( f ig u r e  11 .17 ) became l e s s  d i s t i n c t ,  and the  load  i t  o ccu rred  a t  f e l l  to  
9% o f  u l t im a te .  S ince  i t  has been dem onstra ted  th a t  t h i s  f e a tu r e  was 
a t t r i b u t a b l e  to  th e  onse t  o f  t r a n s v e r s e  c rac k in g  ( I 3 . I ) ,  m o is tu re  uptake 
must have a l t e r e d  t h i s  damage mechanism.
S ince a f t e r  6 months a t  60°C, the  w .r .  re in fo rcem en t p r e s e n t  had 
l a r g e l y  debonded,' the  c o n s t r a in t  on lo n g i tu d in a l  w. r .  s t r a i g h t e n i n g  during  lo a d in g ,  
was reduced . This r e s u l t e d  in  the  l o a d /d e f l e c t i o n  knee p o in t  ( i . e .  load 
re q u ire d  to  i n i t i a t e  s t r a ig h te n in g ) ,  be ing  reduced by around 35% a f t e r  p r e ­
soak.
The l e v e l  o f  debonding and p l a s t i c i s a t i o n  o f  the matr ix ,  created  a f t e r  
p r e -s o a k in g  a t  60°C a l s o  e x p l a in s  the lack o f  damage found during a t e n s i l e  
t e s t  ( f i g u r e  1 1 . 2 2 ) .  S t r e s s  c o lo u r a t i o n ,  when examined u s in g  c r o ss  
p o l a r i s e r s ,  shows that  load t r a n s f e r via the matrix i s  o c c u r r i ng. Once the_______
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f i b r e / m a t r i x  i n t e r f a c e  was broken  down by m o is tu re ,  t h i s  could  no lo n g e r  
happen, and a l l  th e  s t r e s s  a p p l i e d  had to  be su p p o r ted  by th e  l o n g i tu d in a l  
woven ro v in g s ,  behav ing  a s  s im ple  f i b r e  b u n d le s .  Resin p l a s t i c i s a t i o n  reduced  
m a tr ix  c ra c k in g , th ro u g h  s t r e s s  r e l a x a t i o n  under lo a d .
In  a d ry  t e n s i l e  t e s t ,  th e  main damage observed  was t r a n s v e r s e  c ra c k in g ,  
fo llow ed  by s t r e s s  w h ite n in g ,  th en  m a tr ix  c ra c k s  ru n n in g  from f i b r e  b reak  
r e g io n s ,  u n t i l  f i n a l  f r a c t u r e  o c c u rs  ( f i g u r e  1 1 .2 1 ) .  A f te r  p re - s o a k  a t  
e l e v a te d  t e m p e r a t u r e , t r a n s v e r s e  ro v in g s  had a l r e a d y  debonded, a lo n g  w ith  
th e  weave c r o s s - o v e r s ,  so th e  f i r s t  2 damage mechanisms would be a b s e n t .  
S i m i l a r i l y ,  debonding would p re v e n t  m a t r ix  c ra c k s  i n i t i a t i n g  from f i b r e  
ro v in g  b re a k s ,  s in c e  th e  2 c o n s t i t u e n t s  were d e -c o u p le d .  Thus, th e  o n ly  
damage observed  on lo a d in g  a  p re - s o a k e d  sample was f i n a l  f r a c t u r e ,  and th e  
l e v e l  o f  a c o u s t i c  a c t i v i t y  was reduced  a c c o r d in g ly .
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CHAPTER 15
CREEP IN GLASS/POLYESTER LAMINATES
1 5 .1  The c r e e p - r u p tu r e  t e s t
The most u su a l  way o f  p r e d i c t i n g  th e  d es ig n  l i f e  o f  a GRP component, i s  by 
means o f  a c r e e p - r u p tu r e  t e s t .  B r i e f l y ,  d a ta  from a s e r i e s  o f  s h o r t  term t e s t s ,  
i s  p l o t t e d  a s  a p p l i e d  lo a d  v s .  lo g  ( t t f )  ( 7 .2 ) .  By assum ing th e  e x i s t e n c e  
o f  a  l i n e a r  r e l a t i o n s h i p ,  s im p le  e x t r a p o l a t i o n s  can th e n  be u n d e r ta k e n ,  to  
d e te rm in e  th e  lo a d  l e v e l  a t  which a  component can be load ed  w ith o u t f a i l i n g  
d u r in g  th e  r e q u i r e d  d e s ig n  l i f e .  Even i n  homogeneous m a t e r i a l s ,  such  a s  m e ta l s ,  
t h i s  i s  f r a u g h t  w ith  d i f f i c u l t i e s  ( l 6 4 ) ,  and when com posites  a r e  u sed ,  m a te r i a l  
v a r i a b i l i t y  makes th e  whole app roach  h ig h ly  s u s p e c t .
A ttem pts  have been made in  t h i s  work to  i d e n t i f y  th e  c au ses  o f  GRP 
v a r i a b i l i t y  a s  a f i r s t  s t e p  i n  th e  improvement o f  d e s ig n  l i f e  p r e d i c t i o n .  D uring 
c r e e p - r u p t u r e  i n  a i r ,  th e  v a r i a t i o n  i n  t t f  found f o r  sam ples s u b je c te d  to  th e  
same lo a d ,  was up to  5 o r d e r s  o f  m agnitude . In  w a te r ,  w h ile  s t i l l  e x t e n s i v e ,  
th e  s c a t t e r  i n  t t f  d a ta  was found to  be reduced  ( f i g u r e  1 2 .1 2 ) .  F a i l u r e  tim e 
s c a t t e r  was a t t r i b u t e d  to  th e  v a r i a t i o n  in  s t r e n g t h  t h a t  o c c u rs  i n  GRP 
m a t e r i a l s  ( 5 * 3 . ) .
I n  a i r ,  th e  c r e e p - r u p tu r e  p l o t  g r a d i e n t  was f a i r l y  s h a l lo w ,  a  change i n  a p p l i e d  
lo a d  o f  6% UTUL p ro d u c in g  a one o r d e r  o f  magnitude s h i f t  i n  t t f .  In  w a te r ,  
th e  g r a d i e n t  was s t e e p e r ,  a t  a round  11% UTUL p e r  o r d e r  o f  m agnitude.
S in c e  th e  t e n s i l e  s t r e n g t h  o f  th e  mixed re in fo rc e m e n t  GRP t e s t e d  v a r i e d  
by -  9%» problem s im m edia te ly  become a p p a r e n t .  In  a  c r e e p - r u p t u r e  t e s t ,  th e  
a p p l i e d  lo a d  i s  c a l c u l a t e d  a s  a  f r a c t i o n  o f  th e  av e rag e  b re a k in g  lo a d .  I n d iv id u a l  
sample s t r e n g t h s  would have v a r i e d  from t h i s  v a lu e ,  so t h a t  f o r  a su p p o se d ly  
i d e n t i c a l  a p p l i e d  lo a d ,  r e p l i c a t e  c r e e p - r u p tu r e  t e s t - p i e c e s  were a t  very  
d i f f e r e n t  s t r e s s  l e v e l s .  By com paring c r e e p - r u p tu r e  p l o t  g r a d i e n t s  w ith  th e  
measured GRP s t r e n g t h  v a r i a b i l i t y ,  s c a t t e r  in  t t f  d a ta  co rresponded  to  a 
v a r i a t i o n  o f  -  9% UTUL in  a p p l i e d  lo a d ,  b o th  i n  a i r  and w a te r .  Hence, to  reduce 
f a i l u r e  tim e v a r i a b i l i t y ,  e i t h e r  sample s t r e n g t h  must be known p r i o r  to  c re e p -  
r u p tu r e  t e s t i n g  ( c l e a r l y  im p o s s ib le ) ,  o r  s t r e n g t h  v a r i a b i l i t y  in  GRP must be 
c o n t r o l l e d .
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Some o f  th e  f a c t o r s  c a u s in g  v a r i a b i l i t y ,  such  a s  p o r o s i t y ,  s t r a i n  r a t e ,  
and g l a s s  c o n te n t ,  were s tud ied  , and t h e i r  r e l a t i v e  c o n t r i b u t i o n s  a s s e s s e d .  I t  
was found t h a t  so many o th e r  v a r i a b l e s  e x i s t e d ,  t h a t  a t t e m p ts  made to  reduce 
s c a t t e r  i n  t t f  r e s u l t s ,  such  a s  th e  use  o f  U.T.U.L. to  a l lo w  f o r  th e  e f f e c t  
g l a s s  c o n te n t  has  on sample s t r e n g t h ,  were o f  l im i t e d  v a lu e .  U n t i l  i t  i s  p o s s ib le  
to  d e te rm in e  how th e  v a r io u s  f a c t o r s  p ro d u c in g  GRP s t r e n g t h  v a r i a b i l i t y  ( 5 .3 )  
i n t e r a c t  on lo a d in g ,  i t  w i l l  be im p o ss ib le  to  c o n t r o l  GRP b eh av io u r  s u f f i c i e n t l y  
to  reduce  s c a t t e r  i n  c r e e p - r u p tu r e  t t f  d a t a .
While l a r g e  s c a t t e r  bands i n  t t f  d a ta  s t i l l  e x i s t ,  th e  c r e e p - r u p tu r e  
t e s t ,  a s  a p p l i e d  to  GRP, w i l l  remain an u n s a t i s f a c t o r y  d e s ig n  c r i t e r i o n .
Even assum ing  a l i n e a r  r e l a t i o n s h i p  e x i s t s ,  th e  s lo p e  o f  such  a l i n e  can  be
v a r ie d  to  such  an e x t e n t  w i th in  th e  s c a t t e r  bands ,  t h a t  f a i l u r e  tim e p r e d i c t i o n s
f o r  a g iv e n  lo ad  l e v e l  cou ld  v a ry  between, s ay ,  2 and 2000 y e a r s .
S t a t i s t i c a l  e x t r a p o l a t i o n  methods, such a s  l i n e a r  r e g r e s s io n ,  a r e  o n ly  
a p p r o p r i a t e  where s u f f i c i e n t  r e p l i c a t e  t e s t s  have been u n d e r ta k e n  to  a c c u r a t e l y  
d e te rm in e  th e  e x t e n t  o f  s c a t t e r .  For GRP, t h i s  has  been found to  r e q u i r e  o v e r  
100 t e s t s  a t  each lo a d  l e v e l  (append ix  I ) ,  whereas normal p r a c t i c e  i s  to  
t e s t  between 4 and 10 sam ples .  An i n e v i t a b l e  l o s s  o f  a c c u racy  r e s u l t s  d u r in g  
e x t r a p o l a t i o n .
F i n a l l y ,  c o n s id e r a b le  doubt e x i s t s  a s  to  w hether  a l i n e a r  r e l a t i o n s h i p  
between a p p l ie d  lo a d  and lo g  ( t t f )  e x i s t s , f o r  GRP. R e su l ts  o b ta in e d ,  b o th  in  
p r e v io u s  s t u d i e s  ( f i g u r e  1 . 1 ) ,  and d u r in g  th e  c u r r e n t  work ( f i g u r e  1 2 .1 2 ) ,  
show t h a t  d e v i a t i o n s  from l i n e a r i t y  o c c u r ,  b o th  a t  h igh  lo a d s ,  and lo n g  f a i l u r e  
t im e s .  With t h i s  in  mind, l i n e a r  e x t r a p o l a t i o n  o f  c r e e p - r u p tu r e  d a ta  f o r  
th e se  m a t e r i a l s  would c l e a r l y  le a d  to  in a c c u r a c i e s .
1 5 .2  Creep lo a d in g  r a t e  e f f e c t s  in  GRP
Although th e  r a t e  a t  which i n i t i a l  sample lo a d in g  o c c u rre d  was no t found
to  a f f e c t  th e  t t f  o f  th e  GRP t e s t e d  ( 1 2 .5 ) ,  some im p o r tan t  r e s u l t s  were found 
from t h i s  fitudy. One o f  th e  f i r s t  th in g s  to  mention in  t h i s  s e c t i o n ,  was t h a t
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d e f l e c t i o n s  due to i n i t i a l  load in g  o f  samples represented  only about 20% o f  
the t o t a l  primary creep s t r a i n  recorded.
As GRP i s  a v i s c o e l a s t i c  materia l  ( 7 . 1 ) ,  the amount o f  damage c rea ted  
during load in g  should in c r e a s e  with i n c r e a s i n g  s t r a i n  r a te ,  s in c e  s t r e s s  
r e l i e f  due to matrix f low would be reduced.  This  would be p a r t i c u l a r l y  true  
in w.r .  r e in fo r ce d  la m in a te s ,  s i n c e  the h igher  the s t r a i n  r a te  used,  the lower  
the f i b r e  s t r a i g h t e n i n g  p o t e n t i a l  under load becomes. S t r e s s  l e v e l s  at  
weave c r o s s - o v e r s  would be g r e a t e r  a t  high s t r a i n  r a t e s ,  i n i t i a t i n g  h igher  
l e v e l s  o f  M.F.F. damage above 50% UTUL. Thus, the l e v e l  o f  damage created  in  
the primary creep reg ion should be determined by the o v e r a l l  s t r a i n  r a t e .
I t  w i l l  be shown ( 1 5 -5 )  t h a t ,  in  order to  i n i t i a t e  creep-rupture  in  
th e se  m a te r ia l s  when loaded in  a i r ,  M.F.F. damage zones must be created  during  
primary creep.  Thus, s in c e  the s e v e r i t y  o f  such damage i s  a fu n c t ion  o f  the  
o v e r a l l  primary creep s t r a i n  r a te ,  and GRP t t f  i s  determined by the d e n s i t y  o f  
M.F.F. zones presen t  in  a sample,  l i f e  during creep should vary accord ing  to 
the primary creep r a t e .
To a c e r t a i n  e x t e n t ,  the above model o f  behaviour was confirmed by 
exper iment.  I t  was found that  i n i t i a l  damage l e v e l s  in  a sample,  measured as  
the number o f  a c o u s t i c  e v e n ts  produced during the f i r s t  600 seconds  o f  a 
t e s t ,  did i n f l u e n c e  the f a i l u r e  time o f  samples loaded to  ' 79% UTUL ( f i g u r e  
1 2 .1 7 ) ,  i . e .  i n c r e a s i n g  primary creep damage l e v e l s  reduced sample t t f .
However, no e f f e c t ,  due to a l t e r i n g  the r a te  o f  i n i t i a l  load a p p l i c a t i o n  from
0 .1  -  1 0 .0  mm/min. wms found,on the l e v e l  o f  i n i t i a l  damage, or  sample 
t t f .
As was s t a t e d  a b o v e ,  o n l y  2C)% o f  t h e  p r i ma r y  c r e e p  r e g i o n  was t a k e n  
up by  i n i t i a l  l o a d i n g ,  l e a v i n g  a l a r g e  p a r t  o f  t h e  p r i ma r y  d e f l e c t i o n  d u r i n g  
c r e e p ,  u n c o n t r o l l a b l e .  B e h a v i o u r  b e t w e e n  t h e  end o f  i n i t i a l  l o a d i n g  and 
t h e  o n s e t  o f  s e c o n d a r y  c r e e p ,  was l a r g e l y  d e t e r m i n e d  by t h e  s ampl e  s t r e n g t h .  
Thus ,  p r i ma r y  s t r a i n  r a t e ,  and he n c e  o v e r a l l  i n i t i a l  damage l e v e l s ,  was g o v e r n e d  
p r e d o m i n a n t l y  by s a mpl e  s t r e n g t h ,  and v a r i a t i o n s  due to i n i t i a l  l oad  a p p l i c a t i o n  
r a t e  p r o d u c e d  o n l y  a mi n o r ,  s e c o n d a r y  e f f e c t .
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15»3 Creep o f  GRP i n  a i r
In order to overcome the problems a s s o c i a t e d  with creep-rupture  t e s t i n g  
o f  GRP, the time dependent p r o p e r t i e s  o f  the m a te r ia l s  used were c h a r a c te r i s e d  
by the measurement o f  creep s t r a i n .  In conjunct ion  with t h i s ,  obse r va t ion  o f  
the damage development during creep o f  mixed re inforcement  laminates  was 
undertaken.  From these  two approaches ,  the mechanisms o f  creep,  and u l t i m a t e l y  
creep-rupture ,  were determined.
15»3«1» Creep in  samples loaded to in e x c e s s  o f  80% UTUL
At high lo a d s ,  the secondary creep reg io n  became v a n i s h in g ly  small  
( f i g u r e  1 2 . 6 ) .  Very high l e v e l s  o f  a c o u s t i c  a c t i v i t y ,  both in  terms o f  count  
rate ,and amplitude ,  were recorded throughout the sample l i f e  ( f i  gure 1 2 . 7 ) ,  
showing the rapid nature o f  damage accumulation at  t h i s  appl ied  load l e v e l .
When loaded above UTUL, i t  was observed that  f i b r e  break growth rate
increased  r a p id ly  with ap p l ied  load ,  ( f i g u r e  9 . 5 ) .  Thus, a t  loads  above 
80% UTUL, f i b r e  break c r e a t io n  during primary creep was very se v e r e ,  with  
high l e v e l s  o f  c r i t i c a l  M.F.F. damage produced. On top o f  t h i s ,  i t  was 
seen in  15.2 that  primary s t r a i n  r a t e ,  which governs the l e v e l  o f  i n i t i a l  
damage c r e a t e d ,  was l a r g e l y  a func t ion  o f  the ap p l ied  load .  Therefore,  
fur ther  i n c r e a s e s  in  f ib r e  break d e n s i t y  produced on lo ad in g  would be 
c r ea ted ,due  to t h i s  load rate  e f f e c t .
The e f f e c t  o f  primary creep s t r a i n  r a te  on behaviour  would become c r i t ­
i c a l  at  high lo a d s ,  s in c e  i t  would push the l e v e l  o f  i n i t i a l  damage f u r th e r  
towards that  required to i n i t i a t e  sample f r a c t u r e ,  through an accumulation o f  
breaks in the load bear in g  f i b r e s .  Thus, a f t e r  the maximum primary creep  
s t r a i n  was reached at  these  l o a d s ,  the i n i t i a l  damage crea ted  was so severe  
that  f a i l u r e  o f  the sample i n i t i a t e d  immediately,  so that  no secondary creep  
region was produced,  and t e r t i a r y  behaviour  then governed thp rerorded t t f .
136.
1 5» 3-2  Creep in  samples 1oaded below 80% UTUL
At lower load l e v e l s ,  c l a s s i c  creep behaviour was observed ( f i g u r e  1 2 . 6 ) .
In most c a s e s ,  t e r t i a r y  creep was not observed,  because the f in a l  f rac ture  
occurred a t  a ra te  too rapid to be recorded by the monitor ( 1 2 . i ) .  There was a 
decrease  in a c o u s t i c  a c t i v i t y  as  the appl ied  load was reduced and at  these  
load l e v e l s ,  both the event  count r a t e ,  and ampli tude ,  curves obta ined  had a 
3 - s t a g e  form,analogous to the creep curves obta in ed  ( f i g u r e  1 2 . 7 ) .  In the  
primary,  and where monitored,  t e r t i a r y ,  creep r e g io n s ,  a c o u s t i c  count r a te s  
and ampl itudes were h igh ,  reducing co n s id er a b ly  during secondary creep.  In 
the l a t t e r  reg io n ,  p e r io d ic  high amplitude s i g n a l s  were recorded.
During secondary creep ,  s t r a i n  was found to i n c r e a s e  in  d i s c r e t e  s t e p s  
at  random time i n t e r v a l s ,  ra th er  than c o n t i n u o u s l y ,a s  found in metals  and 
polymers ( 7 . 2 ) .  Thus, creep response o f  GRP was found to be more than a 
simple func t ion  o f  the matrix v i s c o e l a s t i c  behaviour.  I t  was found that  a 
c o r r e l a t i o n  e x i s t e d  between the time at  which secondary s t r a i n  jumps occurred,  
and the d e t e c t i o n  o f  high amplitude a c o u s t i c  s i g n a l s  mentioned above  
( f i g u r e  1 2 . 8 ) .  I n i t i a l l y ,  i t  was thought that  th e se  p e r io d ic  s t r a i n  jumps 
were due to in d iv id u a l  f i lament  f r a c t u r e s ,  formed as a r e s u l t  o f  matrix creep  
induced o ver load ing  o f  f i b r e s  (76,  174) .  However, the magnitude o f  the
d e f l e c t i o n s  produced, up to 0.1% s t r a i n ,  appeared too la r g e  to be exp la in ed  
in  t h i s  manner.
The amplitude l e v e l  o f  a c o u s t i c  ev e n ts  recorded at  the time o f  secon d­
ary  creep s t r a i n  s tep-growth ,  were comparable to A.E. count ampli tudes d e tec te d  
during i n i t i a l  load in g .  In the l a t t e r  c a s e ,  crack ing  a long  t ran sve r se  woven 
rov in g /m atr ix  i n t e r f a c e s  was observed .  It  has been shown by Dickson et. a l  (177) ,  
that  high amplitude a c o u s t i c  e v e n ts  in b i - d i r e c t i o n a l  laminates  are caused  
by t r a n s v e r s e  crack growth, a s  was the case  in  t h i s  work. Thus, i t  was 
decided that  the s t r a i n  jumps observed during secondary creep were caused  
by the formation o f  t ra n sv e r s e  cracks i n  the samples .  The random c r e a t io n  o f  
small t ran sve r se  cracks ,  observed while  under load at. weave c r o s s - o v e r  p o i n t s ,  
would support t h i s  idea (f igvire 1 2 . 4 ) .  These cracks were a t t r i b u t e d  to the
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time dependent f a i l u r e  o f  f ib r e  bundles ,  up to a rov ing  in s i z e .
It  was f e l t  t h a t ,  as  a r e s u l t  o f  matrix creep ,  f i b r e s  became p r o g r e s s i v e l y  
over loaded,  i n c r e a s i n g  the f i b r e  break d e n s i t y  pr e sen t  as  secondary creep  
p rogressed .  In high s t r e s s  r e g io n s ,  such as in  the v i c i n i t y  o f  weave 
c r o s s - o v e r s ,  matrix creep r a te  was a c c e l e r a t e d ,  and changes in  l o c a l  
s t r e s s  l e v e l  required to produce f i lament  frac ture  reduced. Hence, f i lam ent  
break formation tended to become focussed in these  reg ions ,w hen MFF damage 
was present  a f t e r  l oad in g  the sample.
When s u f f i c i e n t  f i b r e s  have f a i l e d  l o c a l l y ,  the  s t r e s s  c o n c e n tr a t io n  
created  would lead to  the propogation o f  a t ra n sv e r s e  crack through the  
l o n g i t u d i n a l  roving  bundle ( f i g u r e  15. l ) .  P r o g r e s s iv e  b l u n t in g  o f  such  
cracks,  by the a c t i o n  o f  f i b r e / m a t r i x  i n t e r f a c e s ,  and a r e duct ion  in  d r i v in g  
force  as  the crack t i p  moved away from the reg ion  o f  maximum s t r e s s  c o n c e n tr a t io n  
(weave c r o s s - o v e r  apex) ,  prevent  sample frac tu r e  Ins tead ,  smal l  t r a n s v e r s e  
cracks  were formed in the l o n g i t u d i n a l  woven r o v in g s ,  as  observed ,  i n i t i a t i n g  
from M.F.F. damage s i t e s  in the g l a s s  f i b r e .
15. 3 . 3 . A n a ly s i s  o f  creep data from samples loaded in a i r
The p l o t s  o f  ^ i , ^s ,  and E ( t ) , v s .  app l ied  load ( f i g u r e  1 2 .1 0 )
produced,made p o s s i b l e  some h i g h l y  s i g n i f i c a n t  o b s e r v a t i o n s .  The creep  
f a i l u r e  s t r a i n .  E s  ( 1 2 . 3 ) ,  was always found to be in  e x c e s s  o f  the  
p r e v io u s l y  determined minimum t e n s i l e  f a i l u r e  s t r a i n  ( 13. 2 ) .
Fa i lu re  s t r a i n  in  GRP containing high l e v e l s  o f  w. r .  r e in fo r ce m e n t ,  has been 
shown to depend on the s t r a i n  rate  used during t e s t i n g .  The s lo w e r  the r a te ,  
the more time i s  al lowed for  r e s i n  v i s c o u s  f low to occur  under load  ., 
the e f f e c t  o f  which i s  to reduce the l e v e l  o f  matrix c o n s t r a i n t  on lo n g i t u d i n a l  
woven f ib r e  s t r a i g h t e n i n g .  Thus, h igher  d e f l e c t i o n s  to f a i l u r e  occur,  
through f i b r e  s t r a i g h t e n i n g  induced s t r e s s  r e l i e f ,  etc. ( 1 3 . 2 ) .  The creep  
s t r a i n  rate  o f  GRP, dependent as i t  i s  on the appl ied  load l e v e l ,  i s  low in 
comparison to that  used in a t e n s i l e  t e s t .  Henre, it: would be expected  
that  the creep f a i l u r e  s t r a i n  recorded woii'ld a l w a y s  be in e x c e s s  o f  the  
minimum t e n s i l e  breaking s t r a i n ,  be-^auso in tha l a t t e r  ^ase,  matrix c o n s tr a in t
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on f i b r e  s t r a i g h t e n i n g !  s at  a minimum. This  was indeed found.
By e x t r a p o l a t i n g  the creep f a i l u r e  s t r a i n  l i n e  back to the minimum 
t e n s i l e  f a i l u r e  s t r a i n  l e v e l  (A-B in f ig u r e  12 .1 0 ) ,  a po int  corresponding  to  
an a p p l i e d  load l e v e l  o f  50% UTUL was reached. I t  was p r e d ic t e d  by L i f s h i t z  
and Rotem (174) ,  that  a creep-rupture  l i m i t  e x i s t s  for  GRP a t  t h i s  load  
l e v e l , i . e .  ap p l ied  s t r e s s e s  o f  l e s s  than 50% UTUL should not lead  to  time  
dependent f a i l u r e .  S ince ,  from the above, creep f a i l u r e  s t r a i n  was shown to 
always be in ex c es s  o f  the in s tan tan e ou s  (high s t r a i n  r a te )  f a i l u r e  s t r a i n ,  
i t  would appear reasonable to assume that  where E b f e l l  beneath the l i n e  
A-B, i n s u f f i c i e n t  creep s t r a i n  was produced to i n i t i a t e  rupture.  This  would 
agree  with o th e r  workers ( 1 7 4 ) .
By p l o t t i n g  the p r e d ic te d  creep-rupture  l i m i t  onto the curve o f  Ei v s .  
l o g  ( t t f )  ( f i g u r e  1 2 .1 1 ) ,  i t  was found that  da ta ,  analogous  to  a creep-rupture  
p l o t ,  tended to the same l i m i t .  Thus, from the two approaches,  the  
e x i s t e n c e  o f  a creep-rupture  l i m i t  at  50% UTUL fo r  GRP t e s t e d  in a i r  (174 ) ,  
was supported.  Reasons for  the e x i s t e n c e  o f  such l i m i t  w i l l  be d i s c u s s e d  
in 15 . 5 .
15.4 Creep o f  GRP in  water
The b a s i c  creep response  found when samples  were immersed in  room 
temperature water was the same as that  descr ibed  above, i . e .  a t  loads  above 
80% UTUL, secondary creep was not observed and behaviour  was environment  
independent,  wh ile  below t h i s  l e v e l  secondary creep occurred in  d i s c r e t e  
s t e p s .  The major changes found when loaded to l e s s  than 80% UTUL were t h a t : -
( a ) Fa i lu re  time a t  a given load was reduced by immersion in water.
(b) Higher l e v e l s  o f  creep s t r a i n  were recorded while  in  water,  fo r  
for  same app l ied  load .
( c )  Secondary creep s t r a i n  jumps b u i l t  up over  se v er a l  minutes ,  r a th er  
than i n s t a n t a n e o u s l y ,  as  in a i r .
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(d) T er t iary  creep reg ion was extended in water.
The l a s t  three  e f f e c t s  were a l l  a t t r i b u t a b l e  to the r e s i n  p l a s t i c i s a t i o n  
that  occurred as a r e s u l t  o f  water uptake.  The reduction  in  t t f  found,was  
due mainly to moisture induced degradat ion o f  the g l a s s  rov in gs ,  and f i b r e /  
matrix i n t e r f a c e  r e g ion s .
15 . 4.1 E f f e c t  o f  wat_er untake on the creep o f GRP
I t  was descr ibed  p r e v io u s l y  how matrix c o n s t r a i n t  on woven f ib r e  
s t r a i g h t e n i n g  was reduced, through r e s i n  p l a s t i c i s a t i o n ,  and f ib r e / m a t r i x  debond­
ing,  during aqueous immersion C l 4 . 6 . 5 . )- At 23°G, the l a t t e r  e f f e c t  i s  
minimised, so that  i n c r e a s e s  in the l e v e l  o f  creep s t r a i n  found were due 
mainly to an in c r e a s e  in  matrix creep behaviour  as the polymer cha in  network 
was broken down,by h y d r o l y s i s .  This  al lowed for  g r e a te r  l o n g i t u d i n a l  roving  
s t r a i g h t e n i n g  under load,  caus in g  an i n c re a s e  in sample d e f l e c t i o n .
Due to matrix p l a s t i c i s a t i o n  in  water,  crack propogation r a te s  through  
the r e s i n  phase would have been d e c r e a s e d , through an in c r e a s e  in crack b l u n t ­
ing p o t e n t i a l .  Thus, both the growth o f  secondary c r e e p , t r a n s v e r s e  f i b r e  
roving crack s ,  and the u l t im a te  frac tu r e  path,  would have been retarded by 
the h igher  energy requirements o f  d r i v in g  a crack through a p l a s t i c ,  ra th er  
than b r i t t l e , m a t r i x  ( f i g j r e  7 . 7 ) .  This  would e x p la in  the changes found 
in (c)  and (d) in the presence o f  an aqueous environment.
15. 4 . 2 . Reductions in t t f  due to the p r e s e nce o f  an aqueous env i ronn^nt  
When immersed under load,  i t  was found that  the weave c r o s s - o v e r  
regions  debonded p r e f e r e n t i a l l y ,  through moisture  c o l l e c t i o n  at these  reg ions  
of  s t r e s s  con c e n tr a t ion  ( 1 1 . 2 ) .  The m a tr ix /r o v in g  i n t e r f a c i a l  breakdown 
caused a l o c a l  drop in load t r a n s f e r  e f f i c i e n c y ,  f u r th e r  in c r e a s i n g  f i b r e  
s t r e s s  in these  r e g io n s .  This  can he s u f f i c i e n t ,  to c r e a t e  M.F.F. damage 
zones,  or extend those a lready  formed, from which creep-rupture  could have 
i n i t i a t e d  ( 15 - 5 . 2 . ) .
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A further  consequence o f  the formation o f  mois ture  pockets  at  weave 
c r o s s - o v e r  s t r e s s  c o n c e n tr a t io n s ,  would have been an in c re a s e  in the l e v e l  o f  
s t r e s s  enhanced f ib r e  c o r r o s i o n ,  both through an i n c r e a s e  in s t r e s s  l e v e l s ,  
and because the rovings were in d i r e c t  contact  with water. Corrosion damage, 
in the form o f  s ur face  p i t s  was found to occur in  the l o n g i t u d i n a l  rov in gs ,  at  
the i n t e r i o r  reg ions  o f  weave c r o s s - o v e r s  ( f i g u r e  1 0 . I 5 ) .  O r i g i n a l l y ,  i t  was 
thought that  f ib r e  c or ros ion  occurred s o l e l y  in t h i s  reg ion ,  e i t h e r  a s  a r e s u l t  
o f  incomplete  f ib r e  c oup l in g  agent  c o a t i n g ,  or e l s e  f r i c t i o n a l  damage o f  the  
c o a t i n g  during weaving. Tntra-roving vo ids  in weave c r o s s - o v e r  i n t e r i o r  
reg ions  would have fur ther  a c c e l e r a t e d  l o c a l  damage, by c r e a t i n g  mois ture  pockets .  
The major drawbacks to t h i s  theory  w ere:-
(a)  P i t s  were not observed to  occur a t  f ib r e  frac tu r e  s u r f a c e s .
(b)  Fibre s u r fa c e s  a t  weave c r o s s - o v e r  i n t e r i o r  faces  c on ta in  high  
sur face  compressive s t r e s s e s ,  which would decrease  the p o t e n t i a l  
for  c r i t i c a l  f law growth.
( c )  Moisture accumulat ion  occurred predominantly a t  the ou t e r  s u r fa c e s  
o f  the w .r .  c r o s s - o v e r  r e g io n s .
Thus, ra ther  than f ib r e  f law e x te n s io n  occurr ing  through c or ros ion  in th e se  
r e g io n s ,  general  d i s s o l u t i o n  o f  s u r face  d e f e c t s  occurred ,  producing the 
observed p i t t i n g .
On the outer  s u r f a c e s  o f  a c r o s s - o v e r ,  the s i t u a t i o n  was d i f f e r e n t .  High 
su r fa c e  t e n s i l e  s t r e s s e s  were produced through roving bending,  and s in c e  these  
r e g io n s  were in d i r e c t  contact  with w a t e r , s t r e s s - e n h a n c e d  c or ros ion  surface  
f law e x t e n s i o n ,  l e a d in g  to f a i l u r e  o f  l o n g i t u d i n a l  f i l a m e n t s , o c c u r r e d .  This  
damage was not d e te c te d  a t  the f i b r e  f rac ture  s u r f a c e ,  s in c e  the c r i t i c a l  
f law s i z e  required for f a i l u r e  was o f  the order  o f  a few hundred angstroms,  which 
was not r e s o l v a b l e  in the SEM. Thus, the observed p i t t i n g  damage, while  showing 
that  f ib r e  corros ion  occurred,  was not r e sp o n s ib le  for  the observed reduction  
in  sample f a i l u r e  time when immersed.
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The observed reduction  in t t f  when samples were loaded in water, was found 
to r e s u l t  from:-
(a)  Reductions in  reinforcement  e f f i c i e n c y  through debonding.
(b)  Increase  in s t r e s s  c o n c e n tr a t io n s ,  and M.F.F. damage, at weave 
c r o s s - o v e r s ,  again as a r e s u l t  o f  debonding.
(c )  Fibre degradat io n ,  due to s tres s -enhan ced  c or ros ion  sur face  f law 
growth.
S ince  f i b r e  f a i l u r e  through aqueous c orros ion  was concentrated  in  reg ions  
o f  high s t r e s s  ( i . e .  c r o s s - o v e r  p o i n t s ) ,  M.F.F. damage was con s id ered  to be 
created  during immersed creep at  loads  below 5^% UTUL ( 1 5 . 5 . 3 « ) '
15 . 4 . 3 . A n a lys i s  o f  creep data from immersion t e s t s
Us ing an i d e n t i c a l  approach to that  o f  1 5 . 3 . 3 . ,  a creep-rupture  l i m i t  was 
p r e d ic t e d  to e x i s t  f o r  GRP creep while  in  water a t  room temperature ( f i g u r e s  
12 .14  and 1 2 . 1 5 ) .  However, in  t h i s  c a s e ,  the creep f a i l u r e  s t r a i n  vs .  
ap p l i e d  load grad ien t  was much s ha l low er ,  pushing the pr e d ic te d  l i m i t  back to  
a load l e v e l  o f  around 25-3G% UTUL.
This  load l e v e l  was found to roughly c o in c id e  with the t ra n sv e r s e  
crack in g  i n i t i a t i o n  s t r e s s  in  a t e n s i l e  t e s t  ( f i g u r e  11 . 18 ) .  Thus, i t  was 
concluded that  enhanced mois ture  d i f f u s i o n  through the sample edges was 
r e q u ir e d ,b e f o r e  the environment could a f f e c t  the creep response o f  these  
GRP laminates  when immersed at  room temperature.  This  would agree with the 
arguments o f  prev ious  workers ( 56 , 104) .  A des ign  c r i t e r i o n  based on the  
s t r a i n  required to i n i t i a t e  c r ack ing ,  rather  than a f r a c t i o n  o f  UTS, was 
proposed for  GRP when subjec ted  to a load in a c o r r o s i v e  environment.
15.5 P os tu la te d  creep mechanisms for mixed re inforcement GRP l a m i n a t e s .
15 . 5 . 5 . Creep in  a i r
The r e l a t i o n s h i p  b e t w e e n  m a t r i x  c r e e n  r e s p o n s e  and GRP t i me  d e p e n d e n t  
b e h a v i o u r  has  a l r e a d y  be e n  d e m o n s t r a t e d  ( 7 . 3 l .  The de pr ^e  o f  c r e e n  n r i o r  t o
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f a i l u r e  depends on both the volume f r a c t i o n ,  and c o n f ig u r a t io n ,  o f  the g l a s s  
rovings  p r e s en t ,  i . e .  d i scon t inuous  reinforcement ( c . s . m . )  l ead s  to a large  creep  
response under load ,  whereas high V ,̂ u n i d i r e c t i o n a l  laminates ,  show l i t t l e  
time dependence.  With woven re in forcement,  large d e f l e c t i o n s  during creep  
occur  by lo n g i t u d in a l  f ib r e  s t r a i g h t e n i n g , a s  the matrix r e s i n  deforms. Thus, 
the high creep s t r a i n s  found in t h i s  work were a func t ion  o f  the w.r.  p ly  
crimp, and the matrix v i s c o e l a s t i c i t y .
As the matrix deformed under load,  there was a time dependent in c re ase  
in  f i b r e  i n e f f e c t i v e  l en g th  ( l ? 4 ) ,  caus in g  a r i s e  in the l e v e l s  o f  s t r e s s  
present  in  the load bear in g  g l a s s  r o v in g s .  This  would produce a p r o g r e s s iv e  
i n c r e a s e  in  the f i b r e  break d e n s i t y ,  p a r t i c u l a r l y  around s t r e s s  c o n c e n t r a t io n s ,  
such as  roving  c r o s s - o v e r s .  Thus, damage accumulation during creep was 
concentra ted  in  these  reg ions  o f  the re in forcement.
At load l e v e l s  below 50% UTUL, the damage crea ted  during primary creep  
c o n s i s t e d  o f  randomly d i s t r i b u t e d  f ib r e  breaks that  have a n e g l i g i b l e  s t r e s s  
r a i s i n g  e f f e c t  (equation  5 . 9 ) .  Furthermore, s t r e s s  r e l i e f  a t  c r o s s - o v e r s  
occurred a t  low lo a d s ,  s i n c e  the l o n g i t u d i n a l  rov ings  presen t  were ab le  to 
s t r a i g h t e n  under load ( 1 5 . 5 ) .  In consequence,  M.F.F. damage was not created  
on i n i t i a l  sample load in g ,  and the s t r e s s  c o n c e n tr a t io n s  presen t  were 
i n s u f f i c i e n t  to promote l o n g i t u d i n a l  roving crack in g  at  weave c r o s s - o v e r s .
S in c e  t h i s  damage growth was cons idered  to i n i t i a t e  GRP c r ee p -r u p tu r e ,  i t  
was cons id ered  that  at  loads  where M.F.F. zones were not  c r e a t e d ,  time  
dependent f a i l u r e  would not occur.
Above 50% UTUL, M.F.F. damage was crea ted  at  c r o s s - o v e r s  during lo a d in g .
The r e s u l t i n g  in c re a s e  in s t r e s s  l e v e l s  around th e se  p o i n t s  o f  the weave,  
then concentrated  fu r th e r  f ib r e  break accumulat ions i n t o  these  areas  o f  the 
sample.  This  i n i t i a t e d  roving t ra n sv e r s e  crack formation during secondary  
c r eep ,  which in turn bu i ld  up in time to produce c r ee p -r u p tu r e .  Sample 
f a i l u r e  time depended on the rate o f  c r i t i c a l  d a m a g e  accumulat ion .  This  was a
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fu n c t io n  o f  the app l ied  load l e v e l ,  which in turn was found to govern the  
primary creep  s t r a i n  r a te .  The l a t t e r  parameter was cons idered to contro l  
the i n i t i a l  l e v e l s  o f  damage created  on load in g  ( 15 . 2 ).
From the above, while  sample t t f  can be seen to depend, to a c e r t a in  
e x t e n t ,  on the appl ied  load,  o t h e r  subs idary e f f e c t s  do cause d e v i a t i o n s  from 
l i n e a r i t y ,  in  a standard creep-rupture  p l o t .  At high loads  (above 80% UTUL), 
primary creep damage l e v e l s  were shown to be s u f f i c i e n t  to i n i t i a t e  t e r t i a r y  
behaviour  p r i o r  to the onse t  o f  secondary creep .  S ince  the r e l a t i o n s h i p  
between a p p l i ed  load and l o g  ( t t f )  r e f e r s  to secondary creep behaviour ( 8 . 1 ) ,  
d e v i a t i o n s  a t  high loads  would be expec ted .  S i m i l a r i l y ,  a t  loads  below 50%
UTUL, creep-rupture  was pr e d ic te d  not to occur ,  so aga in  d e v i a t i o n s  from 
l i n e a r  creep-rupture  behaviour would occur .
15. 5 . 2 . Creep in water a t  room temperature
Rather than a c t i v a t i n g  new creep mechanisms, the presence o f  an 
aqueous environment merely led  to a l t e r a t i o n s  in  the above behaviour .  Above 
80% UTUL, t t f  was so short  that  the water presen t  had no time to a f f e c t  the  
GRP response ,  i . e .  the laminates  t e s t e d  were environment i n s e n s i t i v e  at  high  
l oads .  This  would sugges t  that  environmental  e f f e c t s  were concentrated  in  
the secondary creep reg ion .  The observed environmental  e f f e c t s  f e l l  i n t o  three  
main C a t e g o r ie s .
F i r s t l y ,  moisture induced matrix p l a s t i c i s a t i o n  led to an i n c r e a s e  in r e s i n  
and thus lam inate ,  creep r a te .  S ince  the c o n s tr a in t o n  l o n g i t u d i n a l  woven 
f ib r e  s t r a i g h t e n i n g  was reduced in  water ( 1 5 . 4 ) ,  the l e v e l s  o f  creep s t r a i n  
produced p r i o r  to f a i l u r e  were a l s o  i n c re a s e d .  P l a s t i c i s a t i o n  a l s o  led to a 
reduction in crack propogation rate  through the matrix ,  caus in g  an e x te n s io n  
in the t e r t i a r y  creep r e g io n s ,  and an in c r e a s e  in tra n sv e r s e  crack formation  
time ( 15. 4 ) .
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S econd ly , f i b r e / m a t r i x  debonding due to  m o is tu re  in c re a s e d  th e  r a t e  o f  
f i b r e  i n e f f e c t i v e  le n g th  e l o n g a t io n ,o v e r  t h a t  found in  a i r  ( 15*5 *1 - ) -  As a 
r e s u l t ,  th e  time dependent l o s s  o f  re in fo rc e m e n t  e f f i c i e n c y  found d u r in g  creep , 
was a c c e l e r a t e d  when w a te r  was p r e s e n t .  T h is  i s  tu r n  would have in c re a s e d  
the r a t e  o f  damage acc u m u la t io n ,  c a u s in g  a drop in  sample t . t . f .  I n t e r f a c i a l  
breakdown a l s o  a l low ed  th e  m o is tu re  d i r e c t  a c c e s s  to  the  g l a s s  re in fo rc e m e n t .
F in a l ly ,  m o is tu re  p e n e t r a t i o n  to  th e  load  b e a r in g  f i b r e  ro v in g s  le d  to  
a drop in  f i la m e n t  s t r e n g t h , t h r o u g h  s t r e s s - e n h a n c e d  f i b r e  s u r f a c e  c o r r o s io n .
The r a t e  o f  f law  growth due to  c o r ro s io n ,w a s  a fu n c t io n  o f  bo th  th e  s t r e s s  
and te m p e ra tu re  p r e s e n t .  Tem perature  changes a f f e c t e d  th e  r a t e  o f  g la s s  
network le a c h in g .  S t r e s s  l e v e l  a f f e c t e d  b eh av io u r  in  two ways. F i r s t l y ,  th e  
r a t e  o f  c rack  t i p  e x te n s io n  d u r in g  c o r r o s io n  depends on th e  s t r e s s e s  p r e s e n t  a t  
th e  c rac k  t i p  ( 2 .5 ) ,  and s e c o n d ly ,  th e  s i z e  o f  flaw  re q u i r e d  to  cause  f i l a m e n t  
f r a c t u r e  d e c re a s e s  w ith  i n c r e a s in g  s t r e s s .
At lo ad  l e v e l s  between 80 and 50% UTUL, th e  above f a c t o r s  a l l  le a d  to  a 
r e d u c t io n  in  t t f  a t  a g iven  lo a d ,  a s  compared to  b e h a v io u r  i n  a i r .  Below 50% 
UTUL, a com bination  o f  f i b r e  c o r r o s io n  and debonding were though t to  le a d  
to  th e  c r e a t i o n  o f  M.F.F. damage a t  lo a d s  where i t  was no t produced in  th e  
p r im ary  r e g io n .  S in ce  b o th  m o is tu re  u p ta k e ,  and f i b r e  d e g ra d a t io n ,  in c re a s e d  
w ith  i n c r e a s in g  s t r e s s  l e v e l ,  m o is tu re  induced  f i b r e  f a i l u r e  d u r in g  c re e p  was 
c o n c e n t r a te d  a t  c r o s s - o v e r  p o i n t s ,  where e le v a te d  lo c a l  s t r e s s e s  e x i s t e d .
Thus, a s  w a te r  p e n e t r a te d  to  th e s e  r e g io n s ,  debonding o f  th e  ro v in g s  o c c u r re d .  
T h is  caused  f u r t h e r  i n c r e a s e s  in  f i b r e  s t r e s s  l o c a l l y ,  due to  a drop in  m a tr ix  
lo ad  t r a n s f e r  e f f i c i e n c y .  Then, th e  w a te r  a t t a c k e d  th e s e  h ig h ly  s t r e s s e d  f i b r e s ,  
c a u s in g  a l o c a l i s e d  b u i ld  up o f  M .F.F. damage, from which subsequen t i n i t i a t i o n  
o f  c r e e p - r u p tu r e  cou]d o c c u r .
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1 5 .6  C re e p - ru p tu re  o f  GRP immersed i n w a te r  a t  e l e v a te d  te m p e ra tu re s
From th e  r e s u l t s  o b ta in e d  f o r  t h i s  t h e s i s ,  i t  i s  now p o s s i b le  to  e x p la in  
th e  c r e e p - r u p tu r e  b eh av io u r  o f  mixed re in fo rc e m e n t  GRP p re v io u s ly  found (4 ) ,  
shown in  f ig u r e  1 .1 .  At e l e v a te d  te m p e ra tu re s ,  a knee was found to  e x i s t  in  
th e  c r e e p - r u p tu r e  p l o t  a t  50% UTUL. S in ce  th e  t r a n s i t i o n  from environm ent 
i n s e n s i t i v e ,  to  s e n s i t i v e ,  beh av io u r  was found to  o c c u r  a t  80% UTUL 
( f ig u r e  15 . 3)1 th e  change in  mechanism found was n o t  due to  an in c u b a t io n  
p e r io d  f o r  c o r ro s io n  damage to  cause  f i b r e  weakening.
I n s te a d ,  the  change i n  b eh av io u r  was due to  th e  a l t e r a t i o n  in  f i b r e  b reak  
p a t t e r n , c r e a t e d  a t  50% UTUL in  woven f a b r i c  r e in f o r c e d  la m in a te s  ( 1 3 .3 ) .  I t  
has  been s t a t e d  above t h a t  m o is tu re  induced  d e g ra d a t io n ,  le a d in g  to  a r e d ­
u c t io n  in  t t f ,  i s  a fu n c t io n  o f  s t r e s s  and te m p e ra tu re .  Above 50% UTUL, 
s t r e s s  c o n c e n t r a t i o n s  a round weave c r o s s - o v e r s  were h ig h ,  due to  th e  c r e a t i o n  
o f  M .F .F ._ damage ( I 5 . 5 ) .  Thus, d e g ra d a t io n  r a t e  was p red o m in an tly  a f u n c t io n  
o f  th e  a p p l i e d  lo a d .  Below 50% UTUL, s t r e s s  c o n c e n t r a t i o n s  were reduced  due 
to  th e  absence  o f  M .F.F. damage, and th e  in f lu e n c e  o f  te m p e ra tu re  on th e  
b eh av io u r  would become s i g n i f i c a n t .  So, th e  observed  c r e e p - r u p t u r e  p l o t  knee 
was due to  a change in  env ironm enta l d e g ra d a t io n ,  from s t r e s s ,  to  a 
com bination  o f  s t r e s s  and te m p e ra tu re ,  dom inated b eh av io u r  ( f ig u r e  15 - 3 )
S ince  th e  c r e e p - r u p tu r e  b eh a v io u r  was s p l i t  i n t o  t h r e e  d i s t i n c t  r e g io n s ,  
dependent on env ironm ent,  s t r e s s ,  and te m p e ra tu re ,  any l i n e a r  r e l a t i o n s h i p  
de term ined  f o r  th e s e  GRP la m in a te s  would be h ig h ly  s u s p e c t .
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C H APTER 1 6
ACCELERATED CHARACTERISATION OF GRP
16.1 Draw backs o f  current models
Although most o f  the c u r r e n t l y  a v a i l a b l e  methods for  de termining  the  
l ong  term behaviour o f  compos ites  have been d i s c u s s e d  ( 7 . 2 ,  7 . 3 ) ,  a com­
p a r i so n  between each would be c o n s t r u c t i v e , p r i o r  to d i s c u s s i o n  o f  the des ign  
c r i t e r i a  developed from t h i s  t h e s i s .
F i r s t l y ,  the most w ide ly  used approach,  the creep-rupture  t e s t ,  has been
shown to be u n s a t i s f a c t o r y  for  use with GRP. S ince  a large  number o f  v a r ia b le s  
can be seen to produce the observed creep response o f  GRP, the assumption o f  
l i n e a r i t y  between load and l o g  ( t t f )  l ea d s  to inaccuracy ( c f .  m e t a l l i c  c r e e p ) .  
This was p a r t i c u l a r l y  true where an aqueous environment was a l s o  presen t  during  
creep .  Because o f  the v a r i a b i l i t y  found in  t t f  data ,  s a f e t y  f a c t o r s  have to be 
so l a r g e  (around 20)  , a s  to  make the whole process  o f  creep-rupture  t e s t i n g  
unnecessary .  Empirical des ign  c r i t e r i a ,  such as  d i v i d i n g  composite  s tr e n g th  
by a s a f e t y  f a c t o r  o f  the same magnitude, would be as  a c c u r a te ,  and l e s s  time  
consuming, as  the creep-rupture  t e s t .
Models based on observed composite  response represent  the future  in  terms 
o f  d e s ig n  p r e d i c t i o n .  However, one such approach,  t im e-tem perature-superpos-  
i t i o n ,  s u f f e r s  from as  many drawbacks as  creep-rupture  t e s t i n g .  F i r s t l y ,  i t  must 
be assumed that  only one damage mechanism e x i s t s  over  the whole temperatu re /  
t ime range o f  a creep t e s t .  This  was c l e a r l y  not the case  for  the GRP samples  
t e s t e d .  In order to produce e x p r e s s i o n s  that  d e s c r ib e  observed creep response,  
so many e x p e r im en ta l ly  determined f a c t o r s  have to be used,  as  to  make the whole
method an empir ical  c u r v e - f i t  e x c e r c i s e .  Thus, t h i s  method as  appl ied  to low
f ib r e  conten t  GRP la m in ates ,  i s  no more a c cura te  than the creep-rupture  t e s t ,  
and c o n s id e r a b ly  more complex in  nature .
The a p p r o a c h  most  s u i t e d  t o  GRP l a m i n a t e s  c o n s i d e r e d  i n  t h i s  w o r k , i s
t h e  t i m e  de p e n d e n t  b u n d l e  s t r e n g t h  irodel  ( l ^ ^ - 1 7 4 ) .  At p r e s e n t ,  s o l u t i o n s  
ba s e d  on t h i s  model  a r e  t no  romp lax f o r  g é r e r a i  a p p l i c a t i o n ,  but  t h e  b a s i c  
a p p r o a c h  woul d be worth d e v e l o p i n g .  Onr r o m p l i r g t i o n  t o  overcome  f o r  mi xed  
r e i n f o r c e m e n t  GRP i s  t he  i nhomogenuoi i s  na tu re o f  f i b r e  s t r e s s e s  p r e s e n t ,  bot h
1 4 7 .
in the c . s . m . , a n d  w.r .  p l i e s ,  when under load.  While development o f  such 
models was o u t s id e  the scope o f  t h i s  t h e s i s ,  t h i s  approach r e p r ese n t s  the bes t  
a n a l y t i c a l  model fo r  the creep behaviour o f  GRP.
16.2 Proposed des ign  c r i t e r i o n  f o r  mixed re inforcement GRP
Approaches to the p r e d i c t i o n  o f  t t f  based on ap p l ied  load are i n a c c u r a t e ,  
s in c e  the ac tua l  sample s t r e s s  l e v e l  has to be assumed from the average UTUL, 
rath er  than measured ( 1 5 -1 ) •  By bas ing  p r e d i c t i o n s  on sample s t r a i n  i n s t e a d ,  
measurements could be made d i r e c t l y  o f  d e f l e c t i o n ,  overcoming the above 
u n c e r t a i n t y .  This  was the b a s i s  fo r  the work performed for  t h i s  t h e s i s .
By undertaking a s e r i e s  o f  shor t  term creep t e s t s ,  up to 1 year  in  
l ength ,  two compatible  methods for  design s t r a i n  p r e d i c t i o n  have been found.  
Both p r e d ic te d  the e x i s t e n c e  o f  creep-rupture  l i m i t s ,  so that  des ign based 
on d e f l e c t i o n s  not exceed ing  these  l e v e l s ,  would ensure the absence o f  time 
dependent s e r v i c e  f a i l u r e s .  The l i m i t s  found from each approach were con­
s i s t e n t ,  and could be exp la in ed  in  terms o f  observed damage mechanisms ( 15*5 )*
16 . 2 . 1.  Maximum creep f a i l u r e  s t r a i n  model
This  was based on the assumption th a t ,  for  a v i s c o e l a s t i c  body, the  
in s tan tan e ou s  t e n s i l e  f a i l u r e  s t r a i n  ( E t )  re p r ese n t s  the low est  l e v e l  o f  
d e f l e c t i o n  that  can cause sample f a i l u r e  ( 1 5 . 3 . 3 ) .  Thus, in a creep t e s t ,  
maximum secondary creep s t r a i n ,  used as  the f a i l u r e  s t r a i n  for  these  m a t e r i a l s ,  
must exceed E t a t  rupture .
By measuring creep f a i l u r e  s t r a i n  a g a i n s t  appl ied  load ,  r e s u l t s  can be 
e x tr a p o la ted  back to the l e v e l  o f  E t .  This  po int  re p r ese n t s  the minimum 
load that  can be ap p l ied  to cause time dependent f a i l u r e .  Once E s  f a l l s  below 
E t ,  i n s u f f i c i e n t  damage accumulates  during creep to i n i t i a t e  creep-rupture  . 
When t h i s  was done us ing  the r e s u l t s  from the current work,a creep-rupture  
l i m i t  was found t o  exist ,  at  S0% UTUT. i n  a i r  ( f i g u r e  1 2 . 1 7 ) ^ % n d  25% UTUL in  
wa + er at 23 0 (f-igure 12.1 A . Further t e s t i n g  at e l e v a ted  temperature would 
revea l  how the E s  gradie-  t va eri w i t h  temperature,  f rom wh i ^ h  the e x i s t e n c e
]48.
o f  o t h e r  l i m i t s  cou ld  be p r e d i c t e d .
By performin g  s h o r t  term creep  t e s t s  under the  s e r v i c e  c o n d i t i o n s  
r e q u i r e d ,  s im ple  e x t r a p o l a t i o n  would r evea l  the c r ee p - r u p t u r e  l i m i t  f o r  use in  
d e s i g n  c a l c u l a t i o n s .  Then, much s m a l l e r  s a f e t y  f a c t o r s ,  perhaps in  the range  
2 - 5 ,  cou ld  be used ,  reduc ing  the  l e v e l  o f  o v e r - d e s i g n  c u r r e n t l y  n e c e s s a r y  
f o r  GRP components.
16 . 2 . 2 . Maximum p r im ary  c re e p  s t r a i n  model
The l e v e l  o f  maximum p r im ary  s t r a i n  induced on lo a d in g  GRP r e p r e s e n t s  
a measure o f  th e  i n i t i a l  damage c r e a te d  on lo a d in g ,a n d  has  been seen  to  
d e te rm in e  th e  sample t t f .  I t  i s  l a r g e l y  a f u n c t io n  o f  th e  a p p l ie d  s t r e s s ,  
a n d  by p l o t t i n g  E i  v s .  lo g  ( t t f ) ,  a curve  an a lag o u s  to  a c r e e p - r u p tu r e  
p l o t  i s  o b ta in e d .  When t h i s  was done f o r  th e  c u r r e n t  d a t a ,  i t  was found 
t h a t  th e  r e s u l t s  tended  to  a l i m i t  c o r re sp o n d in g  to  a load  o f  50% UTUL in  a i r  
( f i g u r e  12 . 11 ) ,  and 25% UTUL i n  w a te r  a t  25°C ( f ig u r e  1 2 .1 5 ) ,  a s  b e f o r e .
T h is  method o f  d e s ig n  h as  one o v e r r id i n g  a d v a n ta g e .  Having produced 
an  E i  v s .  lo g  ( t t f )  p l o t ,  th e  r e s u l t s  can be used  in  a d i a g n o s t i c ,  a s  w ell 
a s  p r e d ic t iv e  f a s h io n .  By m o n i to r in g  component d e f l e c t i o n  d u r in g  i n i t i a l  
lo a d in g ,  i f  th e  s t r a i n  produced  exceeds  th e  c r e e p - r u p tu r e  l i m i t , i . e .  time 
dependen t f a i l u r e  w i l l  o c c u r ,  component l i f e  can be read  d i r e c t l y  from 
th e  c u rv e .
A com bination  o f  th e  2 methods d is c u s s e d  above would produce p r e d i c t i o n s  
o f  th e  load  l e v e l s  t h a t  can s a f e l y  be a p p l ie d  to  GRP, w ith o u t  c a u s in g  c reep  




1 .  For a l l  the immersion c o n d i t i o n s  examined, mois ture  d i f f u s i o n  was shown 
to  be non-Fickian ,  due to the presence o f  d e f e c t s  in  the sample.
2 .  Moisture uptake was found to in c r e a s e  with ap p l i e d  load ,  due to the  
formation o f  easy d i f f u s i o n  pa ths ,  a f t e r  t r a n sv e r s e  crack i n i t i a t i o n .  
Enhanced uptake changed d i f f u s i o n  from a f a c e , t o  an edge,  dominated 
mechanism.
5.  I n c r ea s e s  in temperature a l s o  l e d  to an i n c r e a s e  in  GRP d i f f u s i o n  r a t e .
4 .  The rate  a t  which weave debonding occurred during immersion was depend­
e n t  on s t r e s s  and temperature,  wh ile  c . s . m .  debond ra te  remained c o n s ta n t .
5 .  Woven roving debonding was concentrated  at  weave c r o s s - o v e r  p o i n t s  in  the  
1 aminate.
6.  General matrix damage growth was found to occur  during immersion in  water,
a t  a r a te  independent o f  s t r e s s  and temperature,  a f t e r  about 6 days.
Cracking r e s u l t e d  from a b u i l d  up o f  s w e l l i n g  s t r e s s e s ,  p a r t i c u l a r l y  at  
r e s i n  pore s i t e s , a n d  c r o s s - o v e r  i n t e r f a c e  r e g io n s .
7 .  Immersion at  60°C for  6 months, reduced the t e n s i l e  s t r e n g t h  o f  the GRP
by 50%. S i m i l a r  soaking  treatments  at  23°C produced a 15% s tr e n g t h  l o s s .
8 .  T e n s i l e  f a i l u r e  s t r a i n  was shown to be r a te  dependent, due to a
combination o f  s t r e s s  c o r r o s i o n ,  and v i s c o e l a s t i c ,  mechanisms.
9 .  I t  was found that  above 5G% UTUL, m u l t i - f i l a m e n t - f r a c t u r e s  (M.F.F.)  
occurred  in  l o n g i t u d in a l  woven r ov in gs ,  in  the region o f  c r o s s - o v e r s .
10.  In a i r ,  i t  was p o s t u la t e d  that  M.F.F. reg ions  represented  a c r i t i c a l  
damage s t a t e  to i n i t i a t e  c r ee p-rupture .
11.  In water,  f ib r e  corros ion  could produce M.F.F. damage during creep  
lo a d in g ,  a l lo w in g  cr^ep-ruptur^ at s t r e s s e s  where i t  should not occur  
i n  a i r .
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12. Sample v a r i a b i l i t y  made the p r e d i c t i o n  o f  t t f  from creep-rupture  data 
h i g h l y  u n s a t i s f a c t o r y .
13- Secondary creep s t r a i n  was found to i n c r e a s e  in d i s c r e t e  s t e p s ,  caused
by the c r e a t i o n  o f  t r a n sv e r s e  cracks in the l o n g i t u d in a l  f ib r e  rov in gs  at  
c r o s s - o v e r s .  This  was found in  both a i r ,  and water.
14. When immersed in water,  the t e r t i a r y  creep reg ion was extended as  a r e s u l t
o f  r e s i n  p l a s t i c i s a t i o n .
15* Creep was found to be a matrix dominated property ,  with r e s i n  f low under  
load c o n t r i b u t i n g  to l o n g i t u d i n a l  woven roving s t r a i g h t e n i n g ,  both in a i r  
and water.
16. Above 80% UTUL, creep-rupture  was environment i n s e n s i t i v e .
17.  Reductions in  t t f  during immersion were found to be due to s t r e s s -e n h a n ce d
f i b r e  c o r r o s i o n  weakening o f  the  re in forcem ent.  Between 80,and 5Q% UTUL, 
weakening was s t r e s s  dependent,  while  at  lower l o a d s , temperature e f f e c t s  
became s i g n i f i c a n t .
18 . Moisture degradat ion  was found to  reduce t t f ,  by c o n c e n tr a t in g  damage a t  
weave c r o s s - o v e r s .  At room temperature ,  i t  was found that  enhanced
\  edge d i f f u s i o n  o f  water was required  to i n i t i a t e  mois ture  degradat ion  in  
the  re in for ce m e n t .
19.  Below 25% UTUL, creep-rupture  became environment i n s e n s i t i v e ,  due to the  
absence  o f  t r a n s v e r s e  crack ing .
20 .  No s im ple  r e l a t i o n s h i p  e x i s t e d  between appl ied  load and l o g  ( t t f )  during  
creep-rupture  o f  mixed re inforcement  GRP.
21.  Two s e l f  c o n s i s t e n t  des ign  c r i t e r i a ,  based on observed damage growth,  
have been d e v e lo p e d , to  p r e d i c t  the e x i s t e n c e  o f  a ^reep-rupture  l i mi t  
under the t e s t  c o n d i t i o n s  used ,  from a s e r i e s  o f  short  term creep t e s t s .
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APPENDIX ONE
The e s t im a t io n  o f  the  number o f  r e p l i c a t e  t e s t s  required to  o b ta in  
s t a t i s t i c a l l y  m eaningful time to  f a i l u r e  ( t t f )  erro r  bands in  the c r ee p -  
rupture t e s t ,  was undertaken u s in g  methods o u t l in e d  by Cochran and Cox (1 3 9 ) .
The d e t a i l s  o f  the method used a re  p resen ted  below.
When u s in g  s t a t i s t i c a l  s i g n i f i c a n c e  t e s t s  on the  creep -ru p tu re  data  
gen era ted , such as  the s tu d en t  ' t '  t e s t ,  the minimum a c c e p ta b le  standard er ro r  
would be 5^. I f  u s in g  an a n a l y s i s  r e q u ir in g  an a ccu ra te  measure o f  the l i m i t s  
o f  e r ro r  occu rr in g  in  a t e s t ,  to  p r e d ic t  the  form o f  r e la t io n s h ip  th a t  e x i s t e d  
between a p p lied  load and t t f ,  a l e v e l  o f  standard error  has to  be s e t .  Thu#, 
the f i r s t  s t e p  was to  d ec id e  on a standard e rro r  o f  5^ fo r  th e se  c a l c u l a t io n s ,  
g i v in g  co n fid en ce  l i m i t s  o f  90%L
Having decided  upon the standard erro r  required  fo r  the experim ents ,  
an e s t im a te  o f  the  r e s id u a l  standard d e v ia t io n  o f  s e t s  o f  samples t e s t e d  a t  
c o n s e c u t iv e  load l e v e l s  had to  be made. S ev era l  tech n iq u es  e x i s t  f o r  t h i s  
purpose, but s in c e  data from s im i la r  experim ents was a lread y  a v a i la b le  ( 4 ) ,  
t h i s  was used , by means o f  a method known as  the "within  sample v a r ia t io n  " 
t ech n iq u e .
For t h i s  method, the mean and standard d e v ia t io n  o f  the f a i l u r e  time  
was c a lc u la t e d  a t  each load  l e v e l ,  the l a t t e r  be in g  known as  the "w ith in -  
u n it  standard d e v ia t io n " .  Then, the standard d e v ia t io n  o f  the mean v a lu e s  was 
determ ined, t h i s  va lue  be ing  known a s  the "betw een-unit standard d e v ia t io n " ,  
fo r  n o b se r v a t io n s  per load  l e v e l ,  the r e s id u a l  standard d e v ia t io n  i s  g iven  
b y : -
p 2
(betw een-uni t  S . D . )  + ( w i t h i n - u n i t  S . D . )  = r . s . d .  -  ( A. l )
n
Having obta in ed  an e s t im a te  o f  r . s . d .  from prev iou s  r e s u l t s  (u s in g  equat ion A. l ) ,
and s e t  the standard error  ( s . e . )  t o  the required va lue ,  the number o f  r e p l i c a t e
t e s t s  ( r )  r e q u i r e d , t o  produce t h i s  spread was c a l c u l a t e d  from:
2
r - ? X ' -  (A.2)
s . e .
E-GLASS C-GLASS S-GLASS
SiO, 52 A 644 64-4
A lA  , Fe.O, 14A 41 25 0
CoO 172 13 4
MqO 4 6 3 3 103
N a,0 , K,0 0 8 96 0 3
BqA 106 4 7
BaO 0-9
T ab le  2 .1
(all values in w t.% )
T y p ic a l g la s s  f i b r e  co m p o sitio n s  (9 ).
PROPERTY UNITS VALUE
DENSITY Mgm ^ 12 -  1 5
ELASTIC
MODULUS GNm'" 2 - 4 -5
POISSONS
RATIO 0 3 7 -  0-39
TENSILE






SHRINKAGE % 4 —8
WATER UPTAKE 
24 HRS. AT 20"C % 01 -  0 3
Tab le  3» ^
T y p ic a l p r o p e r t i e s  o f  p o ly e s t e r  r e s in s  (9)
MIXED












1x830g/m* w.r (warp) 
2 k 300 g/m cs .m  
1x830g/(rf w.r (weft) 
1x 3 0 0 g/m* c.s.m
4x830 g/m^ w.r
CURE
24hrs. a t  20*C 
5hrs. a t  60*C
24tirs  a t  20*C 
72 hr s. a t  40*C
Table 9 -1
S tru ctu re  o f  GRP lam inates u sed .
MIXED
REINFORCEMENT 1 0 0 %  W.R
STRENGTH (MPa) 154-3 ±11-1 212-01 15-9
UTUL (MNm 2-191 0-10
£ ( % ) 1-751 0-22
E(GPa) 89 3 1 8-9
Table 9 -2
T e n s i l e  s t r e n g t h  data  fo r  la m in a te s  t e s t e d .
POROSITY (%)
TIME TO FAILURE 
(HRS.)
100%  W.R 
NOT OUTGASSED 3 2 + 1 2 19 -  45




2 1 2 92
3-7 29
3 4 52
T able 10 .1





23’ C 179 0 + 6 9 152-6 + 7-0
60"C 165-0 +11 6 109-2+ 5-5
T able 11 .1
R es id u a l s t r e n g th  d a ta .
LOAD TIME TO FAILURE






240 253 260 7 2 0
79
1200 4080 4932 10 800
18 000 176 400 252 000 777 600
72




1476 57 600 144 000
60
3801 600 20736 000* 20736 000* 20736 000*
57
9700 000 10392 005 34819 200 34819 200
+ Sample not failed
Table 1 2 .1
C re e p -ru p tu re  d a ta  from sam ples t e s t e d  in  a i r .
LOAD TIME TO FAILURE
{% UTUL) (SECS. I
85 66 138 156 178
79 127 297 431 522
72 240 300 720 2880
66 1440 4500 7200 15 240
59 3988 4176 61200 79 200
53
97 200 277 917 1814400 3196 800
46
5443 200 6652 800* 6652 800* 6652 800*
39 1440 000 6048 000 8035 200* 6035 200*
Sample not failed
Table 1 2 .2










M ean  UTUL 256 N/mm
- 1 6 0 * C  •  40% [M ean life
___ ▼










Mean l i f e t im e  a s  a fu n ctio n  o f  t e n s i l e  lo a d , fo r  p o ly e s te r  g la s s  lam in ates  
t e s te d  in  sea  w ater a t  th ree  tem peratures. F u ll l i n e s ,  b e s t  f i t  fo r  t e s t s  a t  
kCPc ( 4 ) .
( q )
sr 0 0 “ >Nq Al
Figure 2 .1
S tru ctu re  o f  g la s s e s :  (a )  S i l i c a  network (b ) Network m odified  g la s s  e .g .  
s o d a - s i l ic a  ( c )  Interm ediate g la s s  e .g .  a lu m in a -s il ic a  (? )•
B a t c h S i lo
Furnace












F ig u re  2 .2
S chem atic  r e p r e s e n ta t io n  o f  c o n tin u o u s  f i la m e n t f i b r e  g la s s  p ro d u c tio n  
p ro c e s s e s :  ( a )  M arble m e lt (b )  D ire c t  m e lt (1 1 )•
z 2
Vrgin fibre strength
Tensile strength (GNm )
F ig u re  2 . 3
T e n s i le  s t r e n g th s  o f  s in g le  E -g la s s  f i b r e s ,  2cm t e s t  le n g th ,  e x t r a c te d  from 
a  s t r a n d  and compared w ith  th e  s t r e n g th  o f  v i r g i n  f i b r e s  ( 9 ) .
o  0 \  o  0 \  \ Q
O  0 \  \ 0  Q
F ig u re  2 .4
S chem atic  r e p r e s e n ta t io n  o f  s ta n d a rd  f a b r ic  p a t t e r n s :  ( a )  P la in  weave 




in c .T  




S tress Intensity Factor, K
F ig u re  2 .5
T y p ic a l c ra c k  speed  dependence on s t r e s s  f o r  a  m a te r ia l  s u s c e p t ib le  to  
env ironm ent s e n s i t i v e  f r a c t u r e .  The e f f e c t s  o f  te m p e ra tu re , env ironm ent con­
c e n t r a t i o n  and pH on re g io n  I  a r e  in d ic a te d  by th e  a rrow s (3 0 ) .
/j
F ig u re  2 .6
H y p o th e tic a l changes in  flaw  geom etry  due to  c o r ro s io n  o r  d i s s o lu t io n :  
( a )  Flaw sh a rp e n in g  a s  a r e s u l t  o f  s t r e s s  c o r ro s io n  (b ) Flaw grow th such 
th a t  th e  ro u n d in g  o f  th e  t i p  by s t r e s s  c o r ro s io n  b a la n c e s  th e  le n g th e n in g  
o f  th e  flaw  (c )  Rounding by c o r ro s io n  o r  d i s s o lu t io n  (31)»
HC
COOH
,  0  Î  1
H c!^ ^ -C 0 0 H
A H
(a) ih)
F ig u re  3>1
P h th a l ic  an h y d rid e  ( a ) ,  and i t s  iso m er I s o p h th a l ic  a c id  ( b ) ,  used 
i n  th e  p ro d u c tio n  o f  p o ly e s te r  r e s in s  (3 2 ) .
0 0
HO — C —  R— C —  OH*' - f  H_Q—  R—OH 
Acid I  Glycol
0 0
II II
HO—C— R—C — 0 — R — OH * H,0
0 0
II [1
♦ HO— C—  R —  C — OH
0 0 0 0 
HO— C—R— ^“ 0 — F?— 0 —  ̂— R— ^ — OH ♦ H,0
* HO— R— OH
etc.
R an d  R* a r e  hydrocarbon chains
(a)
F igure 5 .2
0 H H 0  0
It I I I! , II
Ar — 0 —  C —  C =  [-— C—  0  — R — 0  — C —  Ar
R' 0 : (from p erox id e in itia to r)  
0  H H ’ 0  0
II I I I! . H







p H H 0  0
— 0  —  C —   ̂—  C —  C — 0 —  R — 0  —  t  —
H - C  - H
H - C  —O
O 'a^ H  H 0  
■'V — 0 — lü— ' c = c — (!— 0 —
♦ P o ly e s t e r  
0  H H 0  0
II I I II _  II
•Ar — C —  C — C —  C — 0  — K ---  0 ---- C —  At
H - ( l  - H
Ar
0 I 0
— 0— Ü — C — t — C — 0 — Ar
e tc .
H H
Free r a d ic a l
(b )
R e p re se n ta tio n  o f  th e  r e a c t io n s  in v o lv e d  in  th e  p ro d u c tio n  o f  
u n s a tu r a te d  p o ly e s t e r  r e s in s  (a )  A c id -g ly c o l c o n d e n sa tio n  r e a c t io n s  (b ) C ross 
l i n k in g  in  u n c a tu ra te d  r e s in s  (3 4 ) .
(b)
F igure 4 .1
(a ) Diagrammatic rep re se n ta tio n  o f  deform ation around a d isco n ­
tin u o u s  f ib r e  embedded in  a m atrix su b jec ted  to  a t e n s i l e  load  p a r a l le l  to  th e  
f ib r e ,  (b ) V aria tion  a lon g  the f ib r e  o f  t e n s i l e  s t r e s s  in  the f ib r e  and sh ear  
s t r e s s  a t  th e  in te r fa c e .  M atrix and f ib r e  remain e l a s t i c  and the in te r fa c e  
bond i s  p e r fe c t  ( 9 ) .
Mat ri X 








P a r a l le l  and s e r ie s  arrangem ents o f  m atrix  and f i l l e r  in  a model 
com p osite . In each ca se  E, > Em and V. = Vm. (a ) P a r a l le l  model 
(V^ = 0 .5 )  (b ) S e r ie s  model (V^= 0 .5 )  (5 0 ) .
'Law of mixtures' curve /










0 20 40 60 80 100
Glass w t.%
U nid irec tiona l
'-Orthogonal 
- - - r " ' ' P g p d o m  .
(b)
0 20 40 60 80 100
G lass  w t.%
Figure ^ .2
(a ) T e n s ile  modulus v s .  g la s s  con ten t by w eigh t, fo r  the th ree  
p r in c ip a l c a te g o r ie s  o f  g la s s  f ib r e /p la s t ic  com p osites , (b ) T e n s ile  s tren g th  
v s .  g la s s  con ten t by w eight (5 2 ) .
250
£ 1 5 0
100,F
Wt. fraction of WR in combined reinforcement20 r
E 12
I 4 0 8
Wt. f r a c t io n  of WR in combined reinforcement
Figure
T e n s ile  s tren g th  and modulus data fo r  combined W l^/csm/polyester r e s in  
la m in a te s . Data ob ta ined  from UK m a ter ia ls  s u p p lie r s ,  and i t  r e fe r s  to  
se v e r a l g la s s /r e s in  system s (5 ^ ).
360




Rate of s t r e s s  application N/m^s
F ig u re  3 A
U ltim ate t e n s i l e  s t r e s s  a s  a fu n ctio n  o f  lo a d in g  ra te  (6 2 ) .
F ig u re  5*^
E la s t ic  p r o p e r tie s  o f  a com posite m a ter ia l re ferred  to  C artesian  
c o -o r d in a te s . In a u n id ir e c t io n a l com posite o f  t h i s  typ e th e sh ear  m oduli, 
and , are approxim ately equal and l e s s  than G^g* (5 0 ).
s
•  Fibre breaks  
à Weak point
Figure 5 .6
(a ) Breaks o f  f ib r e s  in  a f ib r e  bundle lead  to  them p la y in g  no fu rth er  
r o le  in  load  sh arin g  over t h e ir  whole le n g th . As th ey  a re  com p lete ly  unloaded  
a second fa i lu r e  a t  the next weakest p o in t i s  not norm ally p o s s ib le .  The 
rem aining in ta c t  f ib r e s  are requ ired  to  support th e  load  p r e v io u s ly  taken by 
the broken f ib r e s  in  an a p p lied  load  t e s t ,  (b ) A com posite can be considered  
a s  a chain  o f  in te r lin k e d  f ib r e  b u nd les. Each break i s  is o la t e d  in  i t s  l in k  
and the s t r e s s  in cr ea se  in  the rem aining in t a c t  f ib r e s  in  th e l in k  i s  th a t due 
to  supporting  the load ca rr ied  in  o n ly  one in s te a d  o f  a l l  th e  f ib r e s .  As breaks 
are i s o la t e d ,  a f ib r e  can f a i l  more than once (? 6 ) .
M.-M. =
iÇ l î  hVrr
h= th ic k n e ss)
Square root of time
Figure 6 .1
I l l t i s t r a t i o n  o f  th e  change o f  m o is tu re  c o n te n t w ith  th e  sq u a re  ro o t  
o f  tim e f o r  F ic k ia n  d i f f u s io n  ( ? 8 ) .




0 20 40 60 80 100
Relative tumidity (%)
R e la tio n sh ip  betw een e q u il ib r iu m  m o is tu re  c o n te n t ,  r e l a t i v e  h u m id ity  
and te m p e ra tu re  f o r  MY 750 and 5208 epoxy r e s in s  (9 1 ) .
Time (tirsO
I -P r im ary  
n  -Secondary 
ni -Tertiary
F ig u re  7 .1
Schem atic  r e p r e s e n ta t io n  o f  th e  c l a s s i c a l ,  th r e e  s ta g e  c re e p  curve.
10’
196K
23 0  310
10’







F ig u re  7 .2
I l l u s t r a t i o n  o f  th e  t i « e - te m p e ra tu re  s u p e rp o s i t io n  p r in c i p le  u s in g  
s t r e s s - r e l a x a t i o n  d a ta  f o r  p o ly is o b u ty le n e .  C urves a r e  s h i f t e d  a lo n g  th e  
a x i s  by an  am ount, a t ( i n s e t ) .  The r e fe re n c e  te m p e ra tu re  i n  t h i s  in s ta n c e  i s  
298 K (1 1 4 ) .
0 1
F ig u re  7 .3
T h e o re t ic a l  r e l a t i o n s h ip  betw een th e  modulus o f  e l a s t i c i t y  and th e  




F ig u re  7 .4
In c re m e n ta l grow th in  c re e p  s t r a i n  found f o r  woven g la s s  c lo th  p o ly e s te r  
co m p o sites  (1 2 4 ).
1 Warp fibre 
fracfure




f racfu re  
B.lnfersfrand 
f ra c tu re
F ig u re  7 .5
F ra c tu r e  modes d u r in g  c re e p  in  woven ro v in g  la m in a te s  (126).
\fofal fracfure





F ig u re  7 .6




F ig u re  7 .7
Schem atic  r e p r e s e n ta t io n  o f  th e  s c a t te r b a n d  o f  s t r e s s - r u p tu r e  







( 1 1 1 )
200  400 6 0 0
Tim e(fnlns)
F iff ire  7 .8
(a )  T y p ic a l lo a d  r e la x a t io n  cu rve  f o r  a s t r a i n  c o r ro s io n  t e s t ,  (b ) 
Model o f  f r a c tu r e  p ro c e s s e s  i n  a l ig n e d  GRP t e s t  p ie c e s  t e s t e d  in  a c o r ro s iv e  
en v iro n m en t: ( i )  n u c lé a t io n  o f  f i r s t  c ra c k  by a c id  a t t a c k  on f i b r e ,  ( i i )  
g row th  o f  f l a t  c ra c k  by f i b r e  f r a c t u r e  a t  th e  t i p  o f  th e  r e s in  c ra c k , ( i i i )  
developm ent o f  sm a ll amount o f  p u l l - o u t  due to  o u t o f  p la n e  f i b r e  f r a c t u r e ,  
( iv )  d e la m in a tio n  c ra c k s  a t  t i p  o f  f l a t  c ra c k  (1 5 4 ) .,
F ig u re  7 .9
S chem atic  r e p r e s e n ta t io n  o f  s t r e s s  c o r ro s io n  c ra c k  grow th i l l u s t r a t i n g  
th e  r o le  o f  th e  m a tr ix ,  (a )  I f  th e  m a tr ix  i s  b r i t t l e ,  f i b r e  f r a c t u r e  may 
r e s u l t  in  s im u lta n e o u s  r e s in  f r a c t u r e ,  up to  th e  n e x t f i b r e ,  (b ) F o r a  tough  
m a tr ix ,  o n ly  l im i te d  c ra c k  grow th  can  o c c u r , and f u r th e r  a c id  d i f f u s io n  i s  
r e q u ir e d  to  f r a c t u r e  th e  n e x t f i b r e ,  ( c )  S ubsequen t f r a c tu r e  o f  th e  second 
f i b r e  c a u se s  b a c k -c ra c k in g  i n  th e  m a tr ix ,  r e s u l t i n g  in  f r a c t u r e  s u r fa c e  c o a le sc e n c e  
(d )  In  h ig h ly  d u c t i l e  m a tr ic e s ,  p l a s t i c  flow  and  c a v i t a t i o n ,  r a t h e r  th a n  c o a l ­












Diffusional Flov  ̂
y 1
NBoundary 
y i f fu s io n  1 
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F ig u re  8 .1
D efo rm ation  mechanisms a t  d i f f e r e n t  s t r e s s e s  and te m p e ra tu re  d u rin g  
m e ta l l i c  c re e p  ( l 6 l ) .
Modulus master 




curve for arbitrary 
temperature and 
fibre angle
T ests to  determ ine  
lam ina p r o p e r t ie s
P red ic ted  lamina 
m odulus (from  
transform ation  




fa ilu re  theory) vs. 
fibre angle
Long term Laminate 
t e s ts  to  verify long 
term predictions
Tests to  determ ine  
£ or E m aster curve & 
sh ift function  vs. 
temperature
Established shift function 
relationship with fibre 
and temperature for 
composite (inWIF sense)
Incremental lamination 
theory based on master 
curves used to predict 
long term laminate 
response
F ig u re  8 .2
Flow c h a r t  f o r  p roposed  la m in a te  a c c e le r a te d  c h a r a c t e r i s a t i o n  and 





M o s I g t  Qjrves 
reduced fo T,





l o g i t  xQ,x □,)
le)
F ig u re  8 ,3
S chem atic  diagram  to  i l l u s t r a t e  th e  t im e - s t r e s s - te m p e r a tu r e  s u p e rp o s i t io n  
p r in c i p l e  ( l6 6 ) .
 Experimental results
-  —  Predicted curve
100
CL
1 0 1 2 3 4
Log I timelmin.j)
Figure 8 .4
Com parison o f  p r e d ic te d  and  e x p e r im e n ta l r e s u l t s  f o r  CFRP c re e p  





F ig u re  8 .5





F ig u re  9*1




3 0 DEFLECTION (MM)
F ig u re  9>2
T y p ica l lo a d /d e f le c t io n  cu rv e  f o r  t e n s i l e  t e s t s  a t  a  c ro s s  head 







F ig u re  9»3





Od resin dominated 
behaviour<c
40 CROSS-HEAD SPEED{mmAnin.)
F ig u re  9 .4








F i ^ r e  9»3
D e n s ity  o f  f i b r e  b re a k s  in  th e  lo n g i tu d in a l  ro v in g s  o f  s in g le  p ly  
f a b r ic  la m in a te s  a s  a  fu n c tio n  o f  a p p l ie d  lo a d .
KgVKgV
30-
Nq Si Au K Cq 
08 KgV06020
No Si Au KCq
Figure 10 .14
EDAX p lo t s  show ing th e  co m p o sitio n  o f ;  ( a )  p u re  p o ly e s t e r  r e s i n ,
(b )  r e s in  from d ry  c re e p - ru p tu re  f r a c tu r e  s u r f a c e ,  and ( c )  r e s in  from immersed 
c r e e p - ru p tu re  s u r f a c e .  Gold peaks produced  from th e  c o a t in g  a p p lie d  to  p re v e n t
II
Figure 10.1
Optical micrograph o f  a GRP polished sectio n , showing typ ica l porosity  
found in a low void content specimen (x 3 8 ).
Figure 10.2
found in
Optical micrograph o f a GRP polished sec tio n , showing ty p ica l p orosity  
a high void content specimen (x 3 8 )
  "  p
0U GttTHUo
Figure 10.3
Scanning electron  micrograph o f the fracture surface from a creep- 
rupture te s t -p ie c e  that fa ile d  a fte r  1 day in  water at 60 C,
20KU X15 0 0 5 3  1 0 0 0 . 0U BATHU
Figure 10.4
rupture te s t
Scanning electron  micrograph o f  the fracture surface from a creep- 
-p iece  that fa ile d  a fte r  1 month in  water at 60 C,
Figure 10»3
Scanning electron  micrograph o f the fracture surface from an immersed 
creep-rupture te s t -p ie c e , shovring resin  rich  regions bordered by short fibre  
p u ll-o u ts .
Figure 10.6
Scanning electron  micrograph o f an immersed creep-rupture te s t-p ie c e ,  
showing the ex istence o f in tra  roving voids in  the transverse weave rovings 





Scanning electron  micrographs, showing the ex istence o f m ulti­
filament fibre fractures in  the longitudinal weave rovings at the fracture 
surface o f a dry creep-rupture sample.
25KV X160 3 1 9 4  1 0 0 . 0U BATHU
Figure 1 0 .8
Scanning electron  micrograph o f  the fracture surface from a dry 
creep-rupture te s t -p ie c e , 6ho%fing that m ulti-filam ent fractures occurred 
at weave cross-overs.




Scanning electron  micrographs showing the typ ical condition o f p u ll-  
out fib re  surfaces at the fracture surface of; (a) a creep-rupture test-p iece  




25KV X 3 6 0 0  0 5 4 1  1 0 . 0U BATHU
0 5 3 6  1 . 0 U  BATHU
( b )
Figure 10.10
Scanning electron  micrographs showing the fibre corrosion damage observed 
on pu ll-ou t fib res from creep-rupture surfaces a fte r  immersion in water at 60°C 
for 2-} months; (a) in  the filament fracture region and (b ), fibre surfaces away 
from th is  zone.
25KV X3000 0567  10 0U BATHU
Figure 10,11
Scanning electron  micrograph o f the surface condition o f filam ents from 
’virgin* g la ss  rovings, prior to encapsulation in  a resin  matrix.
1 9 6 4  1 0 . 0U BATHU
( b )
Figure 10.12
Scanning electron  micrographs o f the condition o f reinforcement p l ie s ,  
revealed by resin  b u m -o ffs , from creep-rupture te s t-p ie c e s  immersed in  water at 
40°C for l 8  months, (a) Fibre condition on the outer surface o f fabric p l ie s ,  
(b) Fibre condition in  the outer c .s .m . p l ie s .
1
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Scanning electron  micrographs showing fib re  p itt in g  damage at the 
inner surfaces o f  weave cross-overs from immersed creep-rupture te s t-p ie c e s . 




O ptical micrograph o f  a polished sectio n  taken from a te n s ile  test-  
p iece , showing the formation o f  resin  voids at the m atrix/roving in terface , 
(x 77).
Figure 10.16
O ptical micrograph o f a longitudinal polished section  from an immersed 
creep-rupture sample, showing crack in it ia t io n  from a spherical resin void 
(x 77)
Figure 10.17
O ptical micrograph o f a polished section  taken from a laminate 
sh eet, showing cy lin d rica l in tra-roving void formation (x 154).
Figure 10.l 8
Optical micrograph o f  a polished section  from a laminate sheet, 
showing concentrations o f  intra-roving voids at weave cross over regions, 
(x 77)
Figure 10.19
longitudinal polished section  through an immersed creep-rupture 
sample, shewing evidence o f crack in it ia t io n  from intra-reaving voids, (x 1^4)
Figure 10.20
Section through an untested laminate sheet, showing evidence o f  
in te r fa c ia l, post-cure, thermal, cracking (x ]5^)-
( b)
Figure 10.21
longitudinal section s from immersed creep-rupture te s t -p ie c e s , showing 





Transverse sections from immersed creep-rupture samples, showing 
the observed crack damage (x38).
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D A Y S  IM M ERSED
F ig u re  1 1 .1
W ater u p ta k e  v s .  tim e  f o r  sam ples im m ersed in  w a te r  a t  23^C. M o is tu re  
c o n te n ts  d e te rm in ed  by d ry in g  sam ples to  c o n s ta n t  w e ig h t.
ifO- 3 0 %  U T U L
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0 % U T U L
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cr
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F ig u re  1 1 .2
W ater u p ta k e  v s .  tim e  f o r  sam ples immersed in  w a te r  a t  60 C. M o is tu re  







Fifn ire  1 1 ,3
Weight l o s s  v s .  tim e  f o r  sam p les , p re v io u s ly  immersed u n d er s t r e s s ,  




F ig u re  11 .4
W eight lo s s  a g a in s t  V t f o r  sam ple d ry in g  a t  60®C, a f t e r  a  p r i o r  
im m ersion o f  l8  m onths a t  40°C, u n d e r a  s t r e s s  o f  23% UTOL.
30-
0%UTUL
F ig u re  1 1 .5
M o is tu re  c o n te n t a s  a  fu n c tio n  o f  th e  sq u a re  ro o t  o f  tim e  f o r





Transmitted lig h t photographs of samples immersed at 60°C, revealing 




Transmitted light photographs of samples immersed at 60°c, under 
an applied stress of 30% UTUL, revealing the extent of debonding after; 
(a) 1 day, (b) 7 days.
( b ]
Figure 11.8
Transmitted light photographs of samples immersed at 60°C, under 
an applied stress of 60% UTUL, revealing the extent of debonding after; 
(a) 1 hour, and (b) 7 hours.
Figure 11.9
Transmitted lig h t photograph of a sample immersed at 60°C, under an 
applied load of 609é UTOL, with edges sealed with s ilico n e  rubber, showing the 
extent of debonding a fter  2 days.
30°/oUTUL






E x ten t o f  weave debonding a s  a  fu n c t io n  o f  tim e  immersed a t  60®C,
30-
3 0%  UTUL0% UTUL
6 0 %  UTULcn
O
%  WEAVE DEBOND
F ig u re  11 ,11
M oistu re  u p ta k e  a g a in s t  e x te n t  o f  debonding , f o r  sam ples immersed




Optical micrographs o f  polished sections from samples of GRP, showing 
the extent of cracking; (a) In the ’as received' sta te  (x 3 8 ) and (b) after  
a 6 day immersion in  water at 60°C (x 77).
r
Figure 11.13
Longitudinal section  from a sample, loaded to 3096 UTUL in water at 
6 0  C, then removed, showing the lack o f in i t ia l  load induced transverse 
cracking (x 77).
Figure 11.14
Surface section  from a sample, loaded to 40^ UTUL in water at 23°C 
showing the transverse crack damage formed during in it ia l  loading (x 77).
Figure 11.13
Polished section  from a sample immersed in water at 23*^ for  6 days, 





Condition o f t e n s i le  t e s t  coupons from resid u a l strength  programmes 
(a) * As received ' samples (b) Condition o f  samples a f te r  a presoak o f  6  months 
a t  60 C.

















f ig u r e  11 .17
A cou stic  em ission , and lo a d , a s  a fu n ctio n  o f  sam p le^ d eflec tio n  during  
r e s id u a l s tren g th  t e s t s  (a ) 'a s rec e iv ed * , (b ) P re-soak  a t  60 C.
Figure 11.18
Transm itted l ig h t  photograph o f  a dry  te n s i le  te s t -p ie c e ,  loaded t< 
20% u ltim a te  load, showing the onset o f tra n sv e rse  c rack ing .
Figure 11.19
Transm itted, cross p o la rise d , l ig h t  photograph o f a dry te n s i le  te s  
coupon loaded to  22$, u ltim a te  load , showing the  onset o f s t r e s s  t r a n s f e r  to 






f i nur» 11.20
j  » T r»ns« itted  l ig h t  photographs showing the  b u ild  up o f damage in  a
9« u î“ » : e  îdr?™ctu«r"* ^  >«-<i
(a)
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. . ,  . Trenemitted, cross p o lar ised , l ig h t  photographs showing damage
0 7 - 1
Figure 11.22
( C)
Transmitted, cross po larised , l ig h t  photographs 8ho%ring damage build  
up during loading o f a sample presoaked for 6 months a t 60°C. (a) Unloaded 
(b) Load = 95$ u ltim ate (c) Fracture.
a :
F ig u re  12 .1



































Transmitted lig h t photograph o f a dry creep specimen, showing 











F ig u re  12.$
C re e p -ru p tu re  p l o t  f o r  GRP lo a d ed  i n  a i r .  E r ro r  b a rs  r e p r e s e n t  th e  
d i f f e r e n c e  betw een minimum and maximum v a lu e s  o f  t t f  re c o rd e d  a t  each  lo a d  







F ig u re  12.6
T y p ica l c re e p  cu rv es  f o r  sam ples lo a d ed  in  a i r  a t  a  v a r i e ty  o f  s t r e s s  











































F ig u re  1 2 .7
A co u stic  em iss io n  p lo t s  f o r  sam ples lo a d ed  in  a i r  f o r  c re e p  m easurem ents. 
Two p a ra m e te rs  a r e  shown; ( i )  E ven ts  v s .  tim e  and ( i i )  A m plitude v s .  tim e .








F ig u re  12.8  .
C o r r e la t io n  betw een a c o u s t ic  s ig n a l  am p litu d e  p e a k s , and  seco n d ary  







F ig u re  12.9
D e f in i t io n s  o f  c re e p  s t r a i n  p a ra m e te rs  u sed  f o r  f a i l u r e  p r e d ic t io n ,  
( a )  below  805é UTUL (b )  above 805é ÜTOL.
Ql
APPLIED LOAD 
 (% UTU U
F ig u re  12.10
Maximum i n i t i a l  ( E i ) ,  maximum se c o n d a ry  ( E s ) ,  and t o t a l  ( ^ E ( t ) ,  c re e p  
s t r a i n s  v s .  a p p l ie d  lo a d  f o r  sam ples t e s t e d  i n  a i r .  E r ro r  b a r s  a r e  — 1 S .D . from 









F ig u re  12.11
Maximum i n i t i a l  s t r a i n  a g a in s t  tim e  to  f a i l u r e  f o r  sam ples lo a d ed  to  













4 5 6 LOû(TTF(SEÜ)
Fippire 12, 12







F ig u re  12 .B
T y p ic a l c re e p  cu rv es  from sam ples lo ad ed  in  w a te r  a t  a  v a r i e ty  o f  










F ip a re  1224
Maximum i n i t i a l ,  maximum se c o n d a ry , and t o t a l ,  c re e p  s t r a i n s  v s .  
a p p l ie d  lo a d  f o r  sam ples t e s t e d  in  w a te r  a t  25 C. E r ro r  b a rs  a r e  -  1 S .D . from 








Q.5. C reep-rupture limit
1 i ^ t t 6 LOG(tTRSEÜ)
F ig u re  12.15
Maximum i n i t i a l  s t r a i n  a g a in s t  tim e to  f a i l u r e  f o r  sam ples lo ad ed  to  







F ig u re  1246
I n i t i a l  lo a d in g  r a t e  a g a in s t  tim e to  f a i l u r e  f o r  c re e p  t e s t s  in  a i r  




F ig u re  1 2 .1 7
I n i t i a l  a c o u s t ic  a c t i v i t y  v s .  tim e to  f a i l u r e ,  f o r  c re e p  lo a d in g  








F ig u re  15.1
S chem atic  r e p r e s e n ta t io n  o f  th e  grow th o f  m u l t i - f i la m e n t  f r a c tu r e  zones 
d u r in g  c re e p .











F ig u re  13*^
C re e p -ru p tu re  p lo t s  show ing th e  changes in  c re e p  b e h a v io u r  t h a t  o c c u r  
a s  th e  a p p l ie d  lo a d  v a r i e s .
